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EDITOR'S PREFACE 


The present volume covers the three-dimensional aspects of the material 
contained in the first volume. There is an additional chapter on the special 
functions that arise in the solution of the problems treated; the basic proper- 
ties and representations of these functions are derived in a simple and straight- 
forward manner. As in the first volume, the topics in each chapter are 
motivated by their physical origins and are supplemented by examples, as 
well as by exercises. A few additional but pertinent references have also 
been included. 
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SPATIAL WAVE PROPAGATION 


5-1. INITIAL VALUE PROBLEM 


1. The mean value method 


In this paragraph we shall concern ourselves with the three-dimensional 
wave equation 


ju — ——-——~—-= - 5-1.1 
aay: ‘a ( ) 


and determine the solution which satisfies the initial conditions 


u(x, ¥, 2,0) = g(x, y, 2), 


(5-1.2) 
u(x, y, 2,0) = W(x, y, 2). 


This problem is of fundamental significance for the theory of sound propa- 
gation, for the investigation of the propagation of electromagnetic fields, as 
well as for a number of other fields of physics. For simplicity we shal! first 
assume that f = 0. 

To determine the function w at a point M, we introduce the new function 


- 1 i 
“yr, t= ae hi | udS = a a udQ, (5-1,3) 


ag 


Here S;"° denotes the spherical surface of radius r about M(x, 9, 20), and 
dQ = dS'r’ is the element of solid angle corresponding to dS. Obviously, (7, ¢) 
is the average value of the function « on the spherical surface $;"° with radius 
r about M,. We see at once that 


u(M), to) _ iO, to) » 


We shall soon show that the function « so defined satisfies the homogeneous 
equation. For this pourpose we write the Laplace differential expression Ji 
in spherical coordinates 


1 a / .au ee SCL 1 au 
ju = S(t) 4 arr <, (sino) + ee Ea a 
r° or or ry’ sin @ a0 oo r-sin’ @ ag 
Since # does not depend on @ and ¢, 


1 of 00 1 aa 
wy Of nt OM Ne ey —0 
r? AG i ig 
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must be satisfied, provided our assertion is correct. The integration of the 
homogeneous Eq. (5-1.1) (when f=0) over a region T;"° bounded by the 
spherical surface S;"° gives 


2: 
Ee ee Tides aH as, (5-14) 
a ar’ A ro ro sMo on 


If now we recall that the unit normal vector of S)”° is in the direction of the 
radius of the sphere and that the surface area element dS=r’dQ, then we 


find 
s Mo on S ato ar’ or sMo 


Therefore, if on the left side of Eq. (5-1.4) we set de =r’ dr dQ, we obtain 


a ci aa r*ar'| | [udoj=rsi | [uaa]. 
* at’ smo or Mo 


r 


By differentiation of the last equation with respect to y and division by 7’, 
we conclude that # satisfies the equation 


ey 
a at Or ar\ ar 
Now, the Laplace differential expression has the property that it assumes 
the form 





i a/.2aU 1 a(rU) 
JU = aa a) — 
> ar ar rar? 
for a function U = U(r, t) which does not depend on ¢ and g. By using this 
property of the Laplace operator, it is easy to see that for every spherically 
symmetric solution # of the three-dimensional wave equation, the substitution 
v = rit leads to the one-dimensional wave equation 


av 1 av 
ar° as at’ 








The general solution of this equation has the form 


vari fill ee ae 


For y= 0, because of the boundedness of #, we obtain 


O= At fll) or f= -f= fi) 


for arbitrary values of ¢; that is, 


varia s(t+ 2) Aves) 


If we differentiate this formula with respect to 7, then we obtain 


ut rH alr (t- ugh ole 
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from which, for ry =0 and ¢ = fy, there follows 
2 2 
u(O, to) = u(Mo, to) = re | (to) . 
For the solution of the initial value problem formulated above, the function 


f(t) must now be expressed in terms of the functions ¢ and ¢ occurring in 
the initial conditions. By addition of the equations 


2 (rit) = =| r = a +F(t + £)| 
LEH (2) 8)) 


9 an) + Loom 2 ple g % 
gi +— rm =— set 2). 


we obtain 


For ¢=0 and r=aty, it follows that 


Mo, to) = Fea ie = < (ri) | 


r=aty,t=0 


or, if we introduce the expression (5-1.3) for @, 


1 a ] Ou 
Gree 10 = — daQ . 
Mo, to) are on a a ‘a s at le : 


Here, if we substitute the initial values and drop the index 0 from M, and 
to, we finally arrive at the so-called Poisson formula 


ae ee es ee ar 
uM, t) = rage i Eds + hal . as (5-1.5) 
This formula was derived under the assumption that a solution exists for the 
problem considered. Our formulation simultaneously shows the uniqueness of 
the solution for the prescribed initial conditions (see Section 2-2). As we can 
prove directly, the Poisson formula under very general assumptions on ¢ and 
@# yields the solution of the problem. 


at 


2. The method of descent’ 


In the x, y, z-space, formula (5-1.5), which was obtained in the preceding 
section, gives the solution of the homogeneous wave equation with initial 
conditions which are, in general, arbitrary functions of the variables x, y, z. 
If the initial values » and ¢ do not depend on z, then obviously the function 
w defined by (5-1.5) is also indepedent of z. Consequently, this function satisfies 
the equation 


1 
Uxx + yy — mine =0, 


1 This designation is due to J. Hadamard; see R. Courant and D. Hilbert, Methods 
of Mathematical Physics, Vol. II, Interscience, 1962, pp. 205-206, 686-688. 
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and the initial conditions 
w(x, ¥,0) = 9(x, y), 
w(x, ¥,0) = P(x, ¥). 


The Poisson formula, therefore, leads not only to solutions of spatial 
problems but of plane problems as well. 

In formula (5-1.5) the integration extends over the spherical surface S.. 
Since the initial value is independent of z, the integration over the upper 
hemisphere can be replaced by an integration over the circular surface Y%;, 


which we obtain by cutting the sphere S2, with the x, y-plane (Figure 77). 


vA 





FIG. 77 


The surface area element dS of the sphere is related to the surface element 
do of the circle by 

da =dScos;y. 
Therefore, we find 





V (at? — oF _ Vat — (x — €F§ — — 9 


ila ca al al 


We perform the integration over the lower hemisphere precisely as before so 
that the integral over the circle is taken twice. Therefore, we arrive at the 
formula 


Lpa (E, 9) dé dy 
uM, t) = u(x, y,t) = pala | lye See 


WE, 9) dé dy ] 5-1.6 
tl Vege poe Ge ' ene 


in which the integration is to be extended over the interior of the circle of 
radius af with center (x, y). 

Completely analogous is the case where the initial values ¢ and ¢ depend 
on the variable x alone. In this case, with the aid of formula (5-1.5) we find 
a function w(x, f) which is the solution of the equation 
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1 
ltx, zy ites = 0 
a 


with the initial conditions 
ux, 0) = e(x), efx, O = ghx). 


For this purpose we introduce polar coordinates whose polar axis has the 
direction of the x-axis. The surface area element dS then assumes the form 


dS =r’ sinéddl dy = ~- rdedé, 
since 


=x+yrcosé, dé = —rsinédé . 


Hence, by integration of the Poisson formula (5-1.5) with respect to ¢ we 
obtain 


1 a x-at a-at 
u(x,t) = xal a | (6) dé | weds ; 
2alat Js at x at 
Further, if we carry out the differentiation with respect to ¢ in the first 
integral, we arrive finally at d’Alembert’s formula (see Section 2-2) 
aT xeat 
ia OE es 34 | WE) dé. (5-1.7) 
2 2a )e-at 

The wave equation with three, two, or one-position variables is known, 
respectively, as the spherical, cylindrical, and plane wave equation. This 
terminology corresponds completely to the method of descent used above 
because for the solution of the wave equation in the two-dimensional or one- 
dimensional case, we started from the corresponding three-dimensional problem 
and thus ‘‘descended”’ to a smaller number of variables. The solutions obtained 
for two variables or one variable correspond to cylindrical and plane waves, 
respectively. 

The descent method is applicable not only to the wave equation, but also 
to other types of differential equations. Ina series of cases, by starting with 
this method, we obtain from the solution of the corresponding equation in 
several variables, the solution of the equation with fewer number of variables. 


3. Physical interpretation 


Formulas (5 1.5) and (5-1.6) make it possible to obtain an idea of the 
physical form of the propagation of spherical and cylindrical waves. We shall 
consider first the three-dimensional case. As we have already seen, the physi- 
cal character of the propagation processes for three variables can be distin- 
guished essentially from that of two variables.’ 

We shall limit ourselves to the investigation of a local excitation, that is, 
we shall assume that the initial state described by the functions » > 0, ¢ > 0 
is different from O only in a certain bounded region 7,. First, we consider 


2 Usually they are the position variables. 


386 SPATIAL WAVE PROPAGATION 


the change of state u(M,,?¢) at a point M4, which could tie outside of the 
region T>. 

The state «# at the point Af, for time ¢ is determined according to formula 
(5-1.5) by the initial state at those points which lie on the sphere $2,° of radius 
at with center M@,. The function «(M, ¢) is then different from 0 only if the 
sphere S7/? intersects the region T, of initia! values. Let d and D be the 
nearest and farthest distances of the point M4 from the points of the region 
T, (Figure 78). If ¢ is sufficiently small (¢ < ¢; =d/a), then Si{° does not cut 





Mo 


FIG. 78 


the region 7,, and the surface integral in formula (5-1.5) is equal to zero; 
the excitation has not yet penetrated up to the point M,. From time ¢t,; =d,a 
up to time ft, = Dla, the sphere Szi° (tf; < ¢ < tz) cuts the region Ty; the sur- 
face integral in (5-1.5) in general is different from zero; the point M4 is in 
an excited state. For larger values of ¢, the region 7, lies in the interior of 
the sphere S¥°, and the corresponding surface integral vanishes; the excita- 
tion penetrates beyond the point A%,. Therefore, in the case of propagation 
of loca! excitations in space, no secondary effects occur. 

We now consider the instantaneous spatial form of the excitation 
wiM, tp) for time tj. The points M which are found in the excited state are 
characterized by the fact that the initial excitation cuts the spheres Siig of 
the region T,. In other words, the set W of points on which the excitation 
is different from 0 consists of those points which lie on a sphere Sty of radius 
at, about a center P of the region T,. The envelopes of the family of spheres 
Sas form the boundary of the region W. The outer envelope is called the 
forward front, the inner envelope the backward front of the propagating wave. 
Figure 79 shows the forward and backward fronts of the wave [(1) and (2)] 
for the case where the region 7, is a sphere of radius R. 

Accordingly, the initial excitation, which is spatially localized, produces 
a localized excitation at each point MM, of space-time; hence there follows 
Wave propagation with a sharply defined forward and backward front (Huygen’s 
principle). 

We turn now to the consideration of the two-dimensional case. Let the 
initial excitation be prescribed in a region S, of the x,y-plane. We are 
interested in the change of state wd, ¢) at a point MM, which lies outside of 
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So. On the basis of formula (5-1.6), the state u(M),t) at M, for time ? is 
determined by the initial value at those points P which belong to the circle 
x with radius at, about M,. For ¢ < t; =d/a (d denotes the shortest dis- 
tance of the point M, from the points of region S)), (M,, t) = 0; the excitation 
still has not penetrated up to the point M,. For t>¢,, u(M),t) +0. This 
means that at the time t=—1¢,, at the point M@,, an excitation occurs which, 
in gencral, increases and then, from a fixed time on, decreases to the value 
O (for t-» co). 

The essential difference between the plane and the spatial case is in their 
secondary effects. The influence of the initial excitation localized in a bounded 
plane region is not localized temporally. In contrast such an influence is 
characterized by its longer lasting secondary effects. Therefore Huygen’s 
principle is not valid in this case. 

The instantaneous form of the excitation in the plane case consists of a 
precisely defined forward front, but no corresponding backward front. Problems 
in two variables can be treated as spatial problems in which the initial exci- 
tation is given on an infinitely long cylinder and does not depend on the third 
coordinate. In this way we can also easily obtain an idea of their secondary 
processes. 


4. The method of images 


The initial value problem for the wave equation can be solved by the 
method of images, provided the region under consideration is bounded by 
planes. 

Thus we treat the following problem for the half space z > 0: 

Determine the solution of the wave equation 


1 
Ju = —z lett 
a 


which satisfies the initial conditions 


ux, ¥, 2,0) = o(4, ¥,2), (2 = 0) 
u(x, Vv, 2,0) = Px, , 2), 
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and the boundary conditions 


Ou 
— =0. 


it\zs9 =O or 35 
z=a0 


The solution of this problem is given by formula (5-1.5) if the initial 
conditions are continued in the entire space: indeed, as an odd continuation 
(for w',.9 = 0) we have 


cf, ¥, 2) = —ylx,y, —2), WX, V2) = —YxX, 2), 
or aS an even continuation (for (é2'6z)|,-) = 0), 
cay 2= oy, -2), x,y, 2) = PX, y. —2). 


We shall now prove that for odd continuations of the functions ¢ and 4, 
the boundary condition u!,-. = 0 is automatically satisfied. In fact, 


NOP tye Of) = eae [ssn8 ds + | [ne ds | =a 0 
- 4za\_Gt gP at ae at 
since the surface integral over the sphere, whose center lies at the points of 
the plane z= 0, is equal to zero for odd continuations of ¢ and ¢. 

We treat analogously the problem of a-stratified plane OS 2z2S/ with 
boundary conditions of the first or second kind and corresponding initial 
conditions 

u=0 for z=0 and z=1, 
or 

or =0 for 2=0 and. 2g=7. 

02 

Formula (5-1.5) immediately ytelds the solution, if the initial conditions 
are continued evenly (or oddly) with respect to planes z=0 and z=/. The 
inttial functions ¢ and q defined in this manner are then periodic functions of 
z with period 2/. 

If the initial functions ¢ and @ in the layer 0 < z</ are chosen so that 
they differ from 0 only tn a region J), then the conttnued functions differ 
from 0 only in a sequence of regions T,. We obtain these from 7, by images. 
The function (M,t) is then, for each M and ?¢, a sum of finitely many sum- 
mands, which are determined by the excitations in the regions 7, (see Sec- 
tion 2-2.5). The physical significance of this procedure lies in the fact that 
during a finite time interval, finitely many reflections from the walls z= 0 
and z=/ occur. Correspondingly, we solve the initial value problem for a 
paralleleptped. 


5-2. THE KIRCHHOFF FORMULA 


1. Derivation of the Kirchhoff formula 


To solve the equation of the vibrating string, 


] 
iS Sle =~ HS 
a 
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by means of the wave propagation method, the idea of the characteristic angle 
is used extensively. Here, to solve the two- or three-dimensional wave equation 


Siento —f, (3-2.1) 
a 


we use the surface 
l 


Me = lf — Z|, 


with the so-called characteristic cone occurring at point M, and time tf. The 
totality of points of the phase space (M,¢) at which a signal arrives, which 
is sent at the time f¢) from the point M, and which propagates with velocity 
a, is determined by the equation 


1 
run, = t—ty, (t > to), 
a 


i.e., the points form the upper part of the characteristic cone belonging to 
the point M@,. Correspondingly, a signal sent at the time ¢ from the point M@ 
reaches the point M, at time ¢), provided 


l 
—rus,=t—t, (f < fo). 
a 


The geometric locus of the points (M,t) is therefore the lower part of the 
characteristic cone (Figure 80). 





For the case n = 2 


FIG. 80 


To determine a solution «(M,?t) of Eq. (5-2.1) at the point (MW, to), we 
introduce in place of time ¢, a ‘‘local time’’ ¢*, corresponding to the point 


M,, by setting 
YaM 
r* =f (4. = A 2) i 


Now if we also introduce a polar coordinate system (7,0,¢) attached to the 
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point M,, we arrive at the new coordinate system 


re=r, O*=0, of =e, m=t-(4-+). 
a 


At this point the question arises as to which equation the function 
wr, Oc, = u(r OF TE + ty — =) = U(r*, 0*, o*, t*) 
a 


must satisfy, if s«(, t) satisfies Eq. (5-2.1). In polar coordinates the Laplace 
differential expression has the form 
a2 a _ a a2 
H 2 Ou 1 ; l 
nL Seong ze = (sin a = a 
or ror yr sin a0 r’sin’ @ a0 








we note the relations 


1 
up =U, +—U;-, ito = Uge, tee = Unre , 
a 
9 4 ty = U, , ty = Cages 
ir = Uysys + = Ute + oe ew ’ ty = Uy. , ey = UO yes 


between the derivatives with respect to the new and old coordinates. Eq. (5-2.1), 
therefore, is transformed into 
Fs ee eg A a (5-2.2) 
ar™ or 
where 
F(r*, 0%, 0%, 0) = f(r, 0,¢, ¢t) . 


Now let the point M(x», vo, 20) lie in a spatial region 7, which is bounded by 
the surface S. Then we interpret Eq. (5-2.2) as an inhomogeneous Laplace 
differential equation in which ¢* is a parameter, and we apply Green’s formula 
(Chapter 4) to the region 7. Thus, if we set ¢* = 0, then we obtain’® 


4nU( My, 0) = | | Ob uz (+) es 
Ss r on On\ r 


De Ee GU: ae 
az \ a ae? ae) => We a 


The point M4, here is the origin of the polar coordinate system. There- 
fore, the volume integral in the last expression is to be understood as follows: 
If Ts is a sphere of radius ¢« about M,, then the integral is extended over 
T Te and we pass to the limit as ¢—0. For the second sumimand we obtain 


BB aU 
1 ee —, —~(r* \ ds 
\\__..| ar™? al at* 


= \\ |= < (r* sin 0* dr* do™ de* , 
TT ¢ 


a ot* at* 














q 


3 According to the conventions in Chapter 4, the signs in the formula correspond to 
the exterior normals. 


5 2. THE KIRCHHOFF FORMULA 391 


and by integration over r* 





2 dU 264 
h=\ lo ot cos (n, 7 *) dS — \larar ® 


since 
dS, = dS cos (n, r*) = r™ sin 0* d0* do™ 


The second summand in /, approaches 0 as «-»0, since the area of the sur- 
face S, equals 4ze”. Therefore, for the limit value of J, as <¢->0, we find 


2.6 fx OU 2 aU dr* 
hh = E dz = * * —— ds 
: \\, ar™? sax? at* =) 4 Wigs at® dn 


dr* 


dn 

















since’ 
cos (22, 7*) = 
Therefore, 


1 aU afl 2 aU ar F 
4xU(M,,0) = —-U-—(+4)+-—y> dS + sd. 
(Ma, 9) \\ on = (=) ar™ ot* —_ \\ | 


We now return to the original variables and to the function x 











u(M, t) = U(M, t*) , (i =f 44, — ret | ; 


Hence there follows 
U(Mp, 9) = uM, to) 
and 


aU dr 
at® dn’ 








Finally, we obtain for the function w#{M),f)) the so-called Kirchhoff wave 


formula’® 
(Mo, to) = recs Pale [we ml -) : lar or aSy 
as <\\,\ 'd roe (5-2.3) 


The square brackets signify that the corresponding function values for ¢* = 0, 


that is for t = (tp) — ry,m)/a, are to be taken, so that [f] = f(M, t — rs,s/a). 


‘ For this transformation we use the expression dr = r*?dQdr*?, integrate over r* 
and, finally, set dQ = dS/r*2. 

5 The Kirchhoff formula was generalized by S. L. Sobolev for the hyberbolic differential 
equation with an even number of variables. By means of this Kirchhoff-Sobolev for- 
mula, the solution of initial value problems for such equations is possible. See S.L. 
Sobolev, ‘‘On a Generalization of the Kirchhoff Formula,’’ Doklady, New Series, 1933, 
p. 256. 
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2. Consequences of the Kirchhoff wave formula 


Formula (5-2.3) is used for an entire series of problems. As a first ex- 
ample, we consider the following initial value problem: 
Determine a solution of the wave equation 


1 
Ju—- sun =9, 
a 


which is defined in the entire space and satisfies the initial conditions 


why.9 = OX, ¥, 2), tile o = P(X, Vv, 2). 


The upper part of the characteristic cone 7 = a(t) — t) of a point (Mp, fo) 
cuts the manifold ¢ = 0 in the sphere Sat (v == a@ty) with a radius at, about Mp. 
Now we set S= Cae and apply formula (5-2.3). For each function vo, ¢), 
[v] on the sphere S./° has the form 


[v] = v(m, feces Fae | = v(M,0). 


Therefore 
[2], =uM,0) = %(M), 
alg 


at 


ce. = 2M, 0) =o M), 
so at 

aty 

oe eve = ge = 
on so or Or 


Furthermore, we find 


1 [eu af 1 1 de afl loo 
4%) — ty 4(4) s+ —¢2(4) = FF. 
r Lan an\ r r or or \ r r° or 


If we insert this expression into formula (5-2.3), we obtain 


1 l a 
u(Mo, to) = rel ane (rg) + a} dS 
Sat? 


7y 


= aba | dQ + =| | rp dal. (5-2.4) 
a0 a Jaq0 


Az tr=aly 


Hence, if the index 0 is dropped from Mot), we obtain the Poisson formula 


uM, 0) =| =| \fas+ | |£as]. 
4za | ot sey os slr 


at 


As a second example, we consider the solution of the inhomogeneous wave 
equation with homogeneous initial conditions. We again set S = Sak and note 
that the surface integral in formula (5-2.3) is equal to zero. Consequently, 
we obtain 





r 


“a 


uC Mp, to) = ah «| Pal dtm , {9-2.5) 
PIIT So 
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where 722 is a sphere with radius af, about M,. We shall investigate in 
detail the case in which the inhomogeneous part of the wave equation is a 
periodic function of time: 

f(M, t) = fol Me™ . 


Therefore let w denote a given frequency. From Eq. (5-2.5) we obtain 


-tkr 
u(M,, bo) = oratoh \| | faa) g des, (7 = FMM): k= <) : (5-2.6) 
4x L730 ( 


ry 





Now let us consider the function f,(M), which is different from 0 only in 
the interior of a certain spatial region T. If M, lies in the exterior of T and 
if the distance between M, and the nearest point of region T is equal to ad, 
then the integral over Tar, for ty < da is equal to 0. For such values the 
excitation has still not reached the point M,. If the distance between M, 
and the furthest point of 7 is equal to ), then for ¢, > Da, the integral on 
the right side is constant and reduces to an integral which extends over the 
entire region 7. Consequently, from the time ¢, = Da on, at every point 
M), a periodic vibration occurs with amplitude given by 

tkr 


uM) = = \\ | fom) c F dz, (y= Yumy) > (5-2.7) 
ZJrd 


} 





so that 
u(M,, ty) = v(M, )e*"® 5 


By insertion of expression (5-2.6) for u (for tf; > D,a) in the vibration equation, 
it follows that the function v(M) must satisfy the differential equation 


jv + ky = —flM), (# > ) . (5-2.8) 


which we call the wave equation in the following discussion and which we 
shall investigate further in the Appendix. 
We consider now formula (5-2.3) for the case of forced vibrations where 


u(M, t) = v(M)e* . 


Let v(M) be the amplitude of vibration, and let it satisfy Eq. (5-2.8). 
Here, we have 


YMM fmt ke: au OV stwt—kr? 
[a] = u(t = Tie) = Me , ae alt i ae 
a on on 


1 du * tlwt-kr} i(wt-kr 

aa = ikem)" F", | f] = fl Mehert 

a cat 

If we substitute these expressions into formula (5-2.3), then we arrive at the 
integral formula for the wave equation, 


cc pctkr ~tkr 
v(M,) = ra are G ) | aS 
4z Js ron On r 


+ xf | man 


? 








dtm ; (r= rua) ’ (5-2.9) 
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which is usually called the Kirchhoff formula. 
For k = 0, formula (5-2.9) is transformed into Green's formula (Section 4-2) 
for the inhomogeneous Laplace differential equation. 


5-3. VIBRATIONS OF A BOUNDED SPATIAL REGION 


1. A general scheme for the method of separation of 
variables. Standing waves 
The problem of the vibrations of bounded spatial regions can be formu- 


lated in the following manner: 
Determine the solution of the equation 


div (Rk grad uw) — g(M)u = pM ite, (5-3.1) 


[the point Mf = M(x, y,z) traverses the interior of a fixed spatial region 7 
which is bounded by a closed surface S| which satisfies the following auxiliary 
conditions: 


uUM, 0) = o(M) 
uM, 0) = gM) 
ws=0 fort >0. (5-3.3) 


in the interior of 7 (5-3.2) 


In the case of a homogeneous medium (# - const, » const), Eq. (5-3.1), for 
q =0, takes the form 


1 k BF 
Jus aun — Sf, (fs. f=). 


We are led to this and similar problems when studying, for example, 
vibrations of a membrane (two independent position variables), acoustic vibra- 
tions of a gas, and electromagnetic processes in nonconductors. Of special 
significance are those problems which are related to forced electromagnetic 
vibrations in cavity resonators (endovibrators, klystrons, magnetrons, and so 
forth). 

Let us note that the homogenity of the boundary condition (5 -3.3) signifies 
no loss of generality. 

The case 


Uls = ft, (523.3%) 


Where « is an arbitrary function of the point P on the surface S and the time 
t, can very easily be incorporated in the case for the homogeneous boundary 
condition and, indeed, has already been explained for one variable in Section 
2-3. There we considered the difference of the prescribed function; corre- 
spondingly, this is true of the second and third boundary-value problems. 

We shall now determine the solution w(M, ¢) of the homogeneous equation 
(5-3.1) under the conditions (5--3.2) and (5 3.3) by separation of variables. We 
shall limit ourselves, therefore, to the investigation of some formal solution 
schemes. lor this purpose, we first consider the following auxiliary problem 
(see Section 2-3): 
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Determine the nontrivial solution of the homogeneous differential equation 
div (k grad 2“) — qu = putin, (5-3.1’) 
with the boundary conditions 
uls =0, (5-3.3) 
which are representable as a product, that is, in the form 
u(M, t) = v(M)T(t) . (5-3.4) 


If we substitute Eq. (5-3.4) into Eq. (5-3.1) and separate variables in the 
usual way, we obtain the following equations for the functions v(M) and T(t): 


div (k grad v) — qgu+ipv=0, vils=O0, (5-3.5) 
TT 427 =0- (5-3.6) 


The differential equation (5-3.5) represents an eigenvalue problem; that is, we 
must determine the eigenvalue 2, which corresponds to the nontrivial solutions 
(the eigenfunctions) of the homogeneous equation with homogeneous boundary 
conditions. 

We shall now go into further details of this problem which is analogous 
to that in Section 2-3. In our case, the equation for the eigenfunctions is a 
partial differential equation. As a result, the derivation of an explicit repre- 
sentation of the eigenfunctions for an arbitrary region T presents difficulties. 
Therefore, we consider in Sections 5-3.2 and 5-3.3 a region T for which an 
explicit representation is possible, even if it becomes necessary to introduce 
a new class of special functions. At this point we shall specify only general 
properties of eigenfunctions and eigenvalues and use the formal scheme of 
separation of variables. We begin by enumerating these properties. 

1. There exist countably many eigenvalues 4, < 42 < +++ <2, < +++, Which 
correspond to the eigenfunctions 


Uy(Xs Vy 2), Vol, Ys 2), oes UalXs Wr 2), oes 
The eigenvalues increase unboundedly with increasing index 7: 2,— 00 as 
n> co, 
2. For g 20 all eigenvalues 2, are positive: 4, > 0. 
3. The eigenfunctions v, are orthogonal to each other with respect to the 
Weight function in the region T; p(x, t, z): 


Um(M )on(M)o(M) dtu = 0, m#N), 
| ent M)vn( MoM) dew (m # n) hae 
M= M(x, 9,2), dey = dx dydz. 

4. Expansion theorem: Every twice continuously differentiable function 
F(M) which satisfies the boundary condition F = 0 on S can be expanded in 
a uniformly and absolutely convergent series of eigenfunctions v,(M): 


F(M) = > F,v,(M) , 


where F, are the coefficients of expansion. 


396 SPATIAL WAVE PROPAGATION 


The proofs of properties 1 and 4 are usually carried out by using the 
theory of integral equations. We shall be content with the proofs of properties 
2 and 3 which require no special apparatus. First we show the orthogonality 
of the eigenfunctions v, (property 3). Let y,(M) and v,(M) be two eigenfunc- 
tions which correspond to different eigenvalues 4, and 2,. Then 


A ~~ a na n n 
a av a av af, ov ‘ 

a ve | 3 2 (ees) oa a (eS) — Qn + dmptn = 9, 
Ox aX ov oy NZ OZ 


A cal A nN “A cal 

a] aU _ @ Ov 7] OU . 

A (k vs) ero | ee wt) — gue + haps = 0. 
OX OX Oy oy 02 OFA 


where v,z, = 0 and v,=0 on S. Multiplying the first equation by v,(M), the 
second equation by v,,(M,, and subtracting the second equation so obtained 
from the first, we have 














|vwvap dae =0. 


TS 


\{ liv, div (k grad vm) — Um div (k grad v,)} de + Um — in| 
_ 


Hence, after some transformations similar to those which were carried out 
for the derivation of the second Green's formula,’ we obtain 


| \(ve — Umk we la + (hn — 20\( |onese de =0, 
sl T 








av Ov 


where v denotes the direction of the exterior normal. From the boundary 
conditions, however, v, = 0 and v, = 0 on S, so that 


(Am — dn: \| [arse dz 0. 
nud 2 
Hence, for 4, # 4, there results 


\\ |>nvse aze=0, Cn 1; 5 
T 


that is, two eigenfunctions which correspond to different eigenvalues are or- 
thogonal to each other with respect to the weight function piM). 

In the investigation of the corresponding boundary-value problem for one 
independent variable 


xX" ~ipX=0, X(0)=0, A). = 04 


we have shown that each eigenvalue corresponds exactly to one normalized 
eigenfunction. For two and three variables this is no longer the case. It 
will become clear from the examples to be given later that for eigenfunctions 
of a rectangle or a circle (see below) one and the same eigenvalue can corre- 
spond to several eigenfunctions. However, it is known from the theory of 
integral equations, that to every eigenvalue there belongs at most a finite 
number of linearly independent eigenfunctions. 


6 In this formula, the normal derivatives of the eigenfunctions are on the surface S. 
For the derivation of this formula for Liapunov surfaces, see V.]. Smirnov, Textbook 
of Higher Mathematics, Part [V, VEB Deutscher Verlag der Wissenschaften, Berlin, 1958. 
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Now let the eigenvalue 2, correspond to the system of linearly independent 
(m 


eigenfunctions v,', Uv, ,...,u.”. Obviously, then, every linear combination 
of these functions 


™. i 

ue 

= > au, 
i=l 


is also an eigenfunction with the same eigenvalue 4,. With the help of the 
well-known Schmidt orthogonalization process,’ we can construct an orthogonal 
set of functions o,)’,..., 0," which are linear combinations of the original 
eigenfunctions. Therefore, the eigenfunctions belonging to the eigenvalue /,, 
which are not orthogonal to each other, can be transformed by orthogonali- 
zation to a system of eigenfunctions which are orthogonal to each other and 
correspond to Ay. 

The totality of this system of eigenfunctions for different 4, forms an 
orthogonal system of eigenfunctions of the boundary-value problem under 
consideration 


div (k grad v) — qu+“zpv =0, =0 on S. 


The expression 


VN, = \\\| | vip de >0 
IR 


is called the norm of the eigenfunction v,. By multiplication of v, with 
1/N,. we obtain a system of normalized eigenfunctions (that is, eigenfunc- 
tions whose norms are all equal to one). 

For the proof of property 2, it is sufficient to apply Green’s first formula 


A 
OUn 


-\\ |p. div (e grad vn) de + | | vk — da 
J JSJ 


| an 
-| Nav de ~ dz in| | x0 dz. 
“ . Prey dl 


From this formula it immediately follows that for g 20, the eigenvalues 4, 
are positive. 

We shall now make use of the expansion theorem (property 4) whose proof 
we assume is Known from the theory of integral equations. Therefore let 





\| |e grad v,)° dz 
TJ 


ow 


F(M) = Dy F,v.AtM). 


Then, in the usual manner, by using the orthogonality relation (5-3.7) for the 
expansion coefficients, we obtain 
p= Ml FM Mp de 
§Sr§ une de 
We turn again to our partial differential equation. The solution of the 
differential equation 


(5-3.8) 


7 See, for example, V.I. Smirnov, Textbook of Higher Mathematics, Part IV, VEB 
Deutscher Verlag der Wissenschaften, Berlin, 1958. 
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Tl +4,7T, =9 
has the form 
Tilt) = An cos Want + Br sin Want , 


so that the solution of our auxiliary problem has the form 
un(M, t) = Ta(t)vn(M) = (An cos Vaat + Basin Vaat)on(M) . 


The general solution of the original initial value problem is written in the 
form 


u(M, t) = 5 ttn(M, t) = 5 (A, cos Want + BasinVantvAM).  (5-3.9) 
n=1 n 1 
If these are to satisfy the initial conditions (5-3.2). 


mM, 0) = gM) = ¥ Anva(M) , 


mM, 0) = $M) = 3 BV F0n(M) 


then, as we know by using the expansion theorem, we must have 


An=¢n5 BrV dn = Yn 5 


Where ¢, and ¢, are the Fourier coefficients of the functions g(M) or ¢(M) 
in their expansion in terms of the orthogonal system of eigenfunctions v,(M) 
with weight p(M). Thus the formal construction of the solution of the initial 
problem is completed. 

The physical interpretation of the solution obtained is completely analogous 
to the case of one variable. The individual solutions 


un(M, t) = (A, cosV ant + B, sin Viat)vr.(M) 


represent standing waves which can occur in the interior of a bounded spatial 
region T. 

The ‘‘profile’’ of the standing wave, defined by the function v,(/M/), can 
differ at different times only by a proportionality factor. Lines or surfaces 
(for two or three variables) on which v,(M)=0, are called nodal lines (sur- 
faces) of the standing waves v,(M). The points at which v,(M) assumes a 
relative maximum or minimum are called maxima of the standing waves 
considered.* 

The general solution can be represented as an infinite sum of such standing 
waves. The possibility of this representation means that every vibration can 
be obtained by superposition of the standing waves.° 

Consequently, the problem of the vibrations of a membrane or a spatial 
region essentially leads to the determination of the corresponding eigenfunc- 


8 [f a membrane is strewn with a fine powder and set vibrating, the powder collects 
in the nodal lines, whereby the so-called Chladni sound figures result. These reproduce 
the nodal lines of the eigenfunctions. 

2 The method of separation of variables in the case of several variables was estab- 
lished in the work of O. A. Ladyshenskaya, Doklady, 85, 3, 1952, p. 481. 


5 3. VIBRATIONS OF A BOUNDED SPATIAL REGION 399 


tions. In the following two sections we shall investigate the vibrations of 
rectangular and circular membranes. Therefore, we shall direct our attention 
principally to the construction of the eigenfunctions. As already noted above, 
the determination of the eigenfunctions in an explicit analytic representation, 
when we are dealing with a complicated region, causes great difficulties. 
For an arbitrary region, approximation methods can be used for the con- 
struction of eigenfunctions; indeed, there exist different methods which depend 
on the use of integral equations, variational principles, or difference methods.'® 


2. Vibrations of a rectangular membrane 


The vibrations of a plane homogeneous membrane, as represented in Section 
2-2, is described by the wave equation 


tu = a’ Au. (5-3.10) 


Let the rectangular membrane under consideration be in the +x, y-plane, 
let it have sides of length }b, and 6, and let it be fixed along the boundary. 
Through an initial displacement and an initial velocity, the membrane is made 
to vibrate. For the determination of the function u(x, y, f) which describes 
the displacement of the membrane from the equilibrium position, we must 
solve the wave equation 





au 2fdu au , 
with the initial conditions 
u(x, ¥,0) = lx, y) » Me y, 0) = (x,y), (5-3.11) 
and the boundary conditions 
uO, ¥, 4) = 0, u(b,,v,t) =0, (5-3.12) 
w(x, 0,t) = 0, u(x, be, t) =O. (5-3.13) 


As usual, we try to determine the solution with the help of the method of 
separation of variables; we make the Ansatz 


u(x, y, £) = v(x, y) TCA) . (5-3.14) 
By putting Eq. (5-3.14) into Eq. (5-3.10) and separating the variables, we 
obtain for the function T(t) the differential equation 
T’ +@iT =0, (5~3.15) 
and for the function v(x, y) the boundary-value problem 
Vir tH Vy + 20 = 0, 
vOy=0, vbsy) =O, (5-3.16) 
v(x,0)=0, v(x, b.) = 0. 
10 See, for example, Kantorovich-Krylov, Approximate Methods of Higher Analysis, 


Berlin, 1956. English translation: Interscience Publ., Inc., New York; P. Noordhoff 
Ltd., Groningen, The Netherlands, 1956, 
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The eigenvalue problem, therefore, consists of the solution of a homogeneous 
partial differential equation with homogeneous boundary conditions. This 
problem can also be solved by separation of variables. Therefore, we set 
v(x, y) = N(x) Vy). 

For the functions X(x) and Y(y), we have the eigenvalue problems (in 
one independent variable) 


xX” +X =0, X(0) =0, X(b,) = 0; (5-3.17) 
ye ce ny -0, Y(0) -0, Y(b.)=0. (5-3.18) 
Here v and ys are constants which arise from separation of variables and are 
connected with each other by the relation # + »v = 4. The boundary conditions 


for the functions X(x) and Y(y) result from the corresponding conditions for 
the function v. For example, the condition (0) = 0 follows from 


00, y) = XO)¥(y) = 90, 


since Y(y) # 0. (We naturally consider nontrivial solutions.) 

We have already discussed the solution of problems similar in nature to 
problems (5-3.17) and (5-3.18), when we investigated the vibrating string. 
The solutions of problems (5-3.17) and (5-3.18) have the form 

mix 


X,(x) = sin mrs : Yn»(y) = sin——y, 
b, be 


w= (Hy, mn (A) 
n b, ’ m b, . 
2 2 
nan (8) + (28) 
b, bs 


correspond, therefore, to the eigenfunctions 


The cigenvalues 


- AT + INT 
Vna,m = Aan.m sin —%* sin 
by 2 





Vv, 


where An, are arbitrary constant factors. We choose these factors so that 
the norm of the functions v,,, with weight 1 are equal to 1: 





bic be 2 4 b © 9 NT be «= 2 INT 
| | Vn,m AX dy = Ain | sin” pre | sin yday=l. 
0 0 0 b, 0 be 
From this follows 
4 
An n= pape 
; V 5,6. 


The orthogonality of the functions v,z,_ obviously require no proof. Therefore, 
the functions 


Nx Wiz 


ae ad 
Vn,m(X, ¥) = i sim bt sin De (5-3.19) 


form an orthonormal system of eigenfunctions for the rectangular membrane. 
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The number of eigenfunctions belonging to 4,._ (the multiplicity of 7,.m) 
depends on » and aw, the number of integer solutions of the equation 


pjey may, 
ae aes Aint 
GG) ( by ) 

The system of eigenfunctions v,,, thus determined has the property that 
every twice continuously differentiable function which satisfies the correspond- 
ing boundary conditions can be expanded in an absolutely and uniformly 
convergent series with respect to the functions v,,,. This assertion is proved 
in the theory of multiple Fourier series. 

Now we shall show that the system (5-3.19) contains all eigenfunctions of 
our eigenvalue problems. Let us assume that there exists still another eigen- 
function mw. Let this belong to the eigenvalue 4). Since wm is orthogonal to 
all eigenfunctions which correspond to other eigenvalues 4, there remains in 
the expansion of iu with respect to the system (5-3.19) only a finite number 
of members. These terms correspond to the eigenfunctions of (5-3.19) which 
belong to the eigenvalue 4... 22 49. Therefore, m is a linear combination of 
functions which belong entirely to the system (5-3.19) and correspond to the 
eigenvalue 4, = 4%). Thus all eigenfunctions of the rectangular membrane 
are contained in (5--3.19). 

If we now return to the original problem for Eq. (5-3.10), we see that 
the individual solutions 





Ltn m _ Ten Cee cos Wy Fan at ag Brim sin VW hia at) 


represent standing waves whose profile is determined by the eigenfunctions 
Un.m- -the geometric locus of the points within the rectangle at which the 
eigenfunctions vanish are the nodal lines. [For simplicity, we consider a square 
with sides of length 6(4,  b.).. The nodal lines of the functions 


are then straight lines which are parallel to the coordinate axes (igure 81a). 
In the case of multiple eigenvalues, the linear combinations of the cor- 


Via Ye V3,3 
FIG. 8la 
‘ fe) Q 
Vig Vea V3 P34 Via va 


FIG. 81b 
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responding eigenfunctions are likewise eigenfunctions whose nodal lines can 
be of a very complicated nature (Figure 81 b). 

The desired solution of Eq. (5-3.10) with auxiliary conditions (5-3.11) to 
(5-3.13) has the form 


u(x, y,t) = > 5 (Brim COS Van mat + Bam Sin Van.mat)0n,m(X)¥) « 
™m nit 


Hence the v,,_ are determined by the formula (5-3.19), while the coefficients 
Bm and By. are calculated in the following manner: 
B = ("ee y)Un,m(x, y) dx dy = | |e y) sin MF sin ydvdy, 
— o Jo ; aa Vbibe Jo Jo 7 b; b. ° d 
1 q (ce out. Mr 
Bin = Va. Vm | | Q(x, y) sin mad sin ee. dx dy . 


0 


3. Vibrations of a circular membrane 


To investigate the vibrations of a circular membrane we use polar co- 
ordinates. In these coordinates the wave equation has the form 


i L( 2x) 1 ue. 1 #u 
2 








(5-3.20) 


2 


r or\ or yr’ 0° a ot 


We shall seek a solution of this equation which satisfies the initial 
conditions 


u(r, 0,0) = fil, 0) , (7, 0,0) = frlr, Y) (5-3.21) 
and the boundary condition 
u(r, 6,t)=90; (5-3.22) 


that is, we shall consider a circular membrane of radius 7, fixed along the 
length of the boundary. As in the case of a rectangular membrane, we shall 
also determine the solution by separation of variables. By the Ansatz 


uly, 0,t) = v(r, O)T(t) , 
there results for 7(t) the differential equation 
T' +@1T =0, 
T=C,cosVa@st+CrsinVeat , 


while for v(7, @) the following eigenvalue problem arises: 


A ~ 1 a2 ; 
TR) + yet eae O<r<7r%), 
r 


yr or\ ar a0 
\v(0, A)| < co Boundedness condition, 
v(%,0)=90 Boundary condition, 


u(r, 0) = vir, 0 + 2x) Periodicity condition. 


The function #7, 0) must be a single valued and differentiable function of 
position; however, since @ is a cyclic coordinate, we must require the perio- 
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dicity of v with period 2z, i.e., v(v,@ + 2z) = v(y, #) in order to guarantee the 
single valuedness of v(r, 0). 

Now again we set u(r, 0) = R(v)O@). If, in the above equation, we use 
the Ansatz and divide by RO, we obtain 


,f.(, 48) 
‘ir 
Gr Gry, ao + Zs it=0, 
From this we obtain the equations 
6’ + 70=0, 
O(0) = O(6 + 2zx), 0'(0) = O'(6 + 2x), 
2 
14/2) 4 (2 #)R=0, 
yr dr\ adr r 
Rin) =0, | RO)| < oc. 
The nontrivial periodic solutions 6(@) exist only for «? =n’ (nm is an integer); 
it has the form 
0,(9) = Dy, CoS nO + Dez sin nd . 


We note that two linearly independent eigenfunctions belong to the eigenvalue 
n’, namely, cos 7@ and sin 220. 
For the determination of the function R(v), we have to solve the equation 


OR 2 WaR AF. - in 
EELS Se Oe eee mw 2 og 5-3.23 
dr* r dr (2 7) ( ) 


with the homogeneous boundary conditions 
R(n) = 9, |R(O)| < co. (5-3.24) 


The determination of R(r), therefore, amounts to solving these eigenvalue 
problems. 

The second requirement placed on Riv), namely, that for r=0 it must 
be bounded, is related to the fact that ry = 0 is a singular point of the equation. 
For singular points it is sufficient to requise boundedness as a boundary con- 
dition (see Section A--2.3). 

We now introduce the new variable 

x=Vir 


and write 
— nae — 
Riv) = Ry] y(X) . 


For the determination of wx) we then obtain the equation for the cylindrical 
functions of the uth order (see Appendix). 


; 2 
es ae saan (.- Ey =0 (5-3.25) 


with the boundary conditions 


VOHOs Kee = WF KH), iwO)| < oo. (5-3.26) 
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The general solution of the equation for cylindrical functions has the form 
yx) = diJn(x) + diN,(x) , (5-3.27) 


where J,(x) is the Bessel function of the mth order and N, is the Neumann 
function of the wth order (see Appendix). Then d,=0 follows from the 
second condition. The first condition yields 


DAV indy =90 or Aw =0 (n=Vin). (5-3.28) 
If sor’ is the mth root of the equation /,() = 0, then 
(nly 2 
dan = (&) (5-3.29) 
Yo 


To this eigenvalue belongs the eigenfunction 
Re Vs ary = (4-7) ; (5-3.30) 
0 


The eigenfunction (5-3.30) posseses the following properties:" 
1. The eigenfunctions R(r) which belong to different eigenvalues 4, are 


orthogonal! to each other with weight 7; 


TO » 
| PoaARciidr SO, SGhiet ai 





19 
or 

r9 vin Im, 

| rJn( : r)j.(G2r) dr=0. (5-3.31) 
0 . Xo Yo : 

2. The norm of these functions is defined by 

TQ im) 2 hk Cat ods = ‘ 

| rJi{“=r) dr= aa er yy. (5-3.31’) 
0 Yo 2 


In particular, for the norm of the function Jo((sn'7)r) we have 


a oa . _ ro 0,72 = 
r Jo( r) dr = Bee yp. (5 -3.32) 
; 2 


Jo r 





3. Every function f(r) which is continuous in the interval (0,7) and 
which possesses there piecewise continuous first and second derivatives and 
satisfies the boundary conditions of our problem, can be expanded in an abso- 
lutely and uniformly convergent series 


{n= > fn (4 r) (5-3.33) 


1 





where the expansion coefficients are given by 


TO fin 
| rfrdaf 2 r) dy 
tm = 2 





= (5-3.34) 
prairie) 


1 See Section A-2.1. 


5-3. VIBRATIONS OF A BOUNDED SPATIAL REGION 405 


We now turn again to the eigenvalue problem for the circular membrane. 


Its eigenvalues are 
Ln 2 
Fin = (=) : 
Yo 


and each of these eigenvalues corresponds to the two eigenfunctions 


(n) 


tn) 
Ci jn(4 r) COs 710 , k= Io( r) Sin ne . (5-3.35) 


Yo Yo 








By a linear combination of such eigenfunctions, there results 


(nt 


Unm(’, 0) = J, (4 r\(Anm cos 20 + B, m sin 20). (5-3.36) 


0 





We shall now calculate the norm of the eigenfunction vz,,; the orthogo- 
nality of the eigenfunctions follows from the general theory. For simplicity, 
we shall limit ourselves to the calculation of the eigenfunctions 0, m. 


2r arg 
| | Unym,Ung, mar dr dO 


r0 fet fen?! 2r 
= | Al : r) Ina ze r)r ar| COS 2,0 COS 220 dO 
0 0 


Yo 0 








O for my, # m2, 
lo for 2, = 1, Ml, = My. 


2 
# ol UaC seme) for Ny = ie = UF 0 and mM, = M,=n, (5-3.37) 
2 
Bl akpet yP2r for i, = i = 0 and = m2=m. 


The corresponding relations are obtained for the functions 


In) 
ins jn( r) sin 20. 


Yo 





The expression for the norm of v,,, can be written in the form 


| os do = 7B end Jalpen )P ; (da = rdr dé), (5-3.38) 


where 
‘ for 27 = 0, 
éy = 
1 for 2+#0. 
Furthermore, from the general theory we conclude: 
I-very continuous function F(r, @) with continuous first and second deriva- 


tives satisfying the boundary conditions of our problem can be expanded in 
an absolutely and uniformly convergent sereies 


Fir, 0) = >. (An. mOn.m('s 0) + Bi.mUn.ms 0)) (5-3.39) 
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in terms of the eigenfunctions of the eigenvalue problems corresponding to the 
circle. 
The expansion coefficients can be calculated from the formulas 





Ved 
| i. Flr, a(H -r) cos nO rv dr do 
Ay.m = neh ea ; 
SEE Janie)? 
(5-3.40) 





2x ro In) 
| | Fir, oe r) sin n0 r dr do 
Baim = JoJo ON Mo ‘ 


_ 2 
Se IF 
We still note that the function 


iano = (Lr) 





does not depend on @. 
If the prescribed function F depends only on 7, say F = Fir), then the 
expansion of F with respect to the eigenfunctions includes only the function 


Vo.m: 


(0) 
Fy) = Aonh (Lr), (5-3.41) 


where 


Aon = 22-2 +, (5-3.42) 


All of the remaining coefficients A,,_ and By, are equal to zero. 

The solution of our original problem, which was to determine the vibra- 
tions of a circular membrane with given initial displacement and initial velo- 
city, can be written in the form 


oo In) 
ur, Ot)= YD Dym(ts (A. m COS — Oty 4 Bam sin Soe t) 


n,m -0 Yo ro 
~ iu In) 
+2 danlt (Cam cos Et + Dy.m sin SE t). 

n,ym-:0 1 1 


The coefficients Anam: Bujm+ Cr,m and Dy,» can be calculated from the initial 
conditions 


u(r, 0,0)= > (AnmBncm + Cuminm) = fils 9) 


Atm 





u(r, 0,0) = > CBee las a + Dp a acon) 


nym 0 


= flr, 8) 


according to the formulas 
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et erg eae: 
| | G1, OS AV Fy. mt) Cos nor dr dO 
0 ti] 





An.m = 4 ’ 
Ero , ~ ° 
oy el dn mi) 
an TO os 
| | (7, OF (Van mr) Sin nO 4 dr dO 
C a 


2 
Tro 


2 [Jan mr) | 


Analogous formulas for (@WAn,m)Bn,m and, correspondingly, for (@W/tn.m)Dn.m 
are valid. 








Problems 


1. Solve the initial value problem for the three-dimensional wave equation 
uy, = a’ du, assuming that the initial velocity is everywhere equal to 0, while 
the initial displacement u|,.. = ¢ has the following form: 

1 in the interior of a unit sphere, 


(a) ¢ =| ie a . :; 
0 in the exterior of the unit sphere; 

(b) a “ cos ((z/27.)r) in the interior of the sphere of radius 7, 
0 in the exterior of the sphere of radius 7. 


2. Determine the vibrations of the half space z>0O for a homogeneous 
boundary condition of the first or second kind if we prescribe (a) a local ex- 
citation, that is, the initial velocity and initial displacement are in a fixed 
region 7; (b) a concentrated force which acts according to an arbitrary law. 
3. Solve the same problem for the slit 1’ < z</. 

4. Solve the wave equation for a region which forms a wedge with the vertex 
angle 7/2 or x/n (w is an integer), if homogeneous boundary conditions of the 
first or second kind as well as initial velocity and initial displacement are 
prescribed. 

5. Derive an analog of the integral formula (5-3.3) for the equation 


ty, =a’ du+cu with c= const. 


Consider the case c < 0 and solve the initial value problem for the inhomo- 
geneous equation. Give a physical interpretation of the results. 
6. Determine the function «(p, ¢,¢) which describes the vibrations of a mem- 
brane under the influence of a concentrated impulse A; this acts 

(a) at the center of a circular membrane, 

(b) at an arbitrary point of a circular membrane, 

(c) at an arbitrary point of a rectangular membrane. 
7. Determine the eigenfrequencies and eigenfunctions of a membrane in the 
form 

(a) of a semicircle, 

(b) of a ring, 

(c) of a circular sector, 

(d) of a ring sector. 
Consider the first and second boundary-value problems. 
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8. Determine the forced vibrations of a circular membrane (e.g... membrane 
of a microphone) under the influence of a periodic force which is distributed 
on the membrane with constant density f-- “lsinw?f. Solve this problem for 
the case f All —r’c*)sinwt, where c denotes the radius of the membrane. 
9. Derive the equation of sound propagation in a medium which moves with 
constant velocity. Convert the equation obtained by transforming to a co- 
ordinate system which moves with the medium. 


5-4. APPLICATIONS OF CHAPTER 5 


1. Reductions of the equations of the theory of elasticity to 
wave equations 


The theory of elasticity is concerned with the problem of determining 
the deformation and motion occurring in elastic bodies with the help of 
mathematical methods. The deformations and motions resulting from the 
influence of an external force can be described by the displacement vector u. 
Its projections on the three coordinate axes x, v, z, Will be denoted by ex, v, 2, ¢), 
v(x, y. 2, ¢) and w(x, y, z,¢), respectively. Displacements in an elastic body occur 
under the action of internal forces (stresses). These form a symmetric stress 
tensor denoted by - 

Tyr Dy Tye 
Trix Tey Gz 


Here oy, tx», tr: Ave the components of the force per unit area (stresses) acting 
on the surface element perpendicular to the x-axis. Correspondingly, ty.. oy. Ty: 
and try, ty, 0, are the components which act on the surface element perpen- 
dicular to the y- and z-axes, respectively. The components «,,0,,0, are called 
normal stresses and the quantities ¢,,,7..,... tangential or shear stresses. 
The equations of motion for an element of volume read 























a2 a A a 
Gu _ 00% | Wy | OTH cs 
2 aA ’ 

" ot OX ay 0z 

av or 6a ot 

= & yx y © yz og im 

io my2 A ag A + x + y ’ (a-4.1, 

ot OX OV OZ 

aw OT OT Go 
pe = + EZ, 

RB 7 a 5 

ut OX uy OZ 


where p is the density at the point (x,y,z), while X, Y, Z denote the compo- 
nents of the external forces. The relation between the stresses and strains 
are described by Hooke’s Law, which we can write as follows: 





O.= 2G fe, + p \ ‘ t= Gry , 
m — 2 
0 rer 
a= 2G {«, 4- } ; CS Gyyes '5-4.2) 
m—2 
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where the quantities 








eng Teg 
} 
(5-4,3) 
_ ou, av _ ov aw . . ow. au 
Paar!) Ae Oe > ee ee 
oy Ox 02 oy OX 02 


form a symmetric strain tensor denoted by 


ey Vay [xz 


Tex [ay & 


Formula (5-4.2) has the following significance: G is the shear modulus and ™m 
the coefficient which characterizes the contraction of the body crosswise due 
to elongation of the body lengthwise. Further, 





a“ a ~ 
P ou ov ow 
6=divu= a + = = ; 
Ox ay OZ 


To Eqs. (5-4.1) and (5-4.2) we must still add the boundary conditions in 
question (on the boundary, we can prescribe, for example, the displacements 
u,v, w or surface forces), which we shall examine further here. 

Equations (5-4.1) and (5-4.2) form a system of partial differential equations 
for the stresses and deformations. If we introduce the expression for the 
stresses from [eqs. (5-4.2) into Eqs. (5-4.1) and subtract Eqs. (5-4.3) from the 
result, we obtain the following system of equations for the displacements. 











anu m 60 
= Gidu + ———5$4 X, 
OSE { NS ano a 
a2 A 
pie = G{av +4 aI 4+Y, (54.4) 
ut m— 20y 
a2 . cal 
ot = G {aw ee a eZ, 
at m — 262 


Frequently, in place of the constants G and m, the so-called Lamé con- 
stants 4 and yw are introduced. These are related to G and m through the 
relations 

Z 
G 


=G, A= : 
. m—2 





With the help of the Lamé constants, the system of equations (5-4.4) can be 
Written in the form of a single vector equation 


0m =(4+2u)grad divu — prot rotu+ F. (5-4.5) 
Oo 


Here u is the displacement vector with components 4u, v, w,and F is the vector 
of volume force with components X, Y, and Z. 

Now we shall show that Eq. (5-4.5) can be reduced to two wave equations 
for suitably chosen functions.” 


12 P. Frank and R. V. Mises, Differential and Integral Equations of Mechanics and 
Physics, Braunschweig, 19271930, Chapter VII. 


410 SPATIAL WAVE PROPAGATION 


An arbitrary vector F can always be written in the form 
F=gradU+rotL, 
where U is a scalar and Z is a vector potential. 
We now set 
u=grad?+rotA, 
where 
ao 


a2 
Pap = At2n)d0+U, Oe Slee 
at at 





holds. 
By substitution, we can easily verify that the vector uw so introduced 
actually satisfies the system of Eq. (5-4.4) of elasticity theory. 
In the absence of volume forces, we then obtain for the potentials ¢ and 
A the homogeneous wave equations 
2q 


2 
je 2G AO id:, po Ae 
ot ae 








In certain cases, in a Cartesian coordinate system for example, the wave 
equation for the vector potential A separates into three scalar equations. 
However, the question of how to restore the equations of elasticity theory 
to single scalar wave equations without considering the boundary conditions 
is not completely answered, as the boundary conditions under certain condi- 
tions can couple the different components and make complete separation of 
the equations very difficult. 


2. The equations of the electromagnetic field 


1. The equations of electromagnetic fields and boundary conditions. An 


electromagnetic field is characterized by the electrical field vector E and the 
magnetic field vector H as well as by the vectors of electrical and magnetic 
induction D and B. The complete system of Maxwell’s equations relating 
these quantities reads 








rot H=— 4 y+ yj", (5 -4.6) 
U Cc Cc 
rot B= —+ 22 | (5-4.7) 
c dt 
divB=0, (5-4.8) 
div D =4ro . (5-4.9) 


Here 7 is the current density of the convection current, jy” is the current 
density produced by the action of the given electromotive force, p is the 
charge density, and ¢ is the velocity of light in a vacuum. In the following 
discussion, we shall assume j°’ = 0. 

To these equations we must still add the so-called material or constitutive 
equations of the fields 
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D=cE, (5-4.10) 
B= pH, (5-4.11) 


Here « denotes the dielectric constant, # the magnetic permeability, and oa 
the conductivity of the medium. In the following discussion, we shall assume 
that the material under consideration is homogeneous and isotropic. Then, 
é=const, “=const, ¢=const. We often consider electromagnetic phenomena 
in a vacuum, where e= p= 1, o = 0, for no charges or currents present. In 
this case, Maxwell’s equations simplify to 


rot H= + 2E | divH=0, 
ot 

en =. 102. divHE=0. 
c ot 


Equations (5-4.6) and (5-4.9) are consistent with cach other since there exists 
between p and j the relation 


dp eer 
—+divy=0, 
a + J 
which expresses the law of conservation of the charge. 
The laws of electromagnetic fields, which are represented in differential 
form by Eqs. (5-4.6) to (5-4.9), can also be written in integral form 


ias= =| fi ‘ios 4.65 
Cc Cc js 
1 d 1 do t 
E,ds = —— — B,dso = —— — . 5-4.7 
7 as Cc an = C dt ) 
Here 
é . . 1 oD : 
= Jy =— 5-4,13) 
t=Jot J in OL at 


is the total current, and j, = (1/4z)(@D/dt) is the displacement current. The 
integration is extended over a curve C or over a surface 3 which is bounded 
by this curve C; ®@ = \s\B,do is the flux of induction passing through C. If 
T denotes any closed spatial region and ¥ the bounding surface of T, then 
the equations 

| \2, do =0, (5-4.8") 


| |D. do = 4-(| |p dc = dre (5-4.9') 
ay T 


replace Eqs. (5-4.8) and (5-4.9), where e is the total charge in the spatial 
region T. 

Equations (5-4.1') and (5-4.4‘) have a simple physical significance. They 
represent the mathematical formulation of simple experimental facts and form 
the basis on which Maxwell’s equations are derived. Thus Eq. (5 -4,.6’) is the 
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generalization of the known Biot-Savart law. Equation (5-4.7’) expresses the 
Faraday induction law, and Eq. (5-4.9’) can be derived directly from Coulomb's 
law. Equation (5-4.8’) results from the fact that the lines of force of the 
magnetic field are closed. 

If the medium is inhomogeneous, then other boundary conditions are 
added to Maxwell’s equations. On the boundary surface between two different 
mediums (1) and (2), the following conditions must be satisfied: 


o = B® (continuity of the tangential components 
of the electrical field E), (5-4.14) 
HH,’ =H,” (continuity of the tangential components 
of the magnetic field H), (5-4.15) 
and further, 
BS Be, (continuity of the normal component of 
the magnetic induction B) (5-4.16) 
De — Da, = 4nv or e: By, — on Oa = 4a, (5-4.17) 


where mn, and n, are the normals to the surfaces separating both mediums. 
Here n, is directed into the interior of the first medium, and n, is directed 
into the interior of the second medium; v denotes the surface density of charge. 
We easily obtain these conditions from Eqs. (5-4.6’) to (5-4.9’). 

From Maxwell’s equations and the corresponding boundary conditions, the 
electromagnetic field can be uniquely calculated from a given initial condition. 
In other words, for the unique determination of the field the conditions, 
Eqs. (5-4.14) and (5-4.15) are sufficient (that is, the requirement that the 
tangential components of both field vectors E and H are continuous). 

If we are dealing with a stationary electromagnetic field (that is, inde- 
pendent of the time), then Maxwell’s equations assume the following form: 


rotk-0O, 
dive = 4x0, 
rot H = at op + nei ; 
c c 


divepH=0., 

Moreover, if the medium is nonconducting, i.e., ¢ = 0, then there exist 
two systems of equations, independent of each other, for the electric and 
magnetic field: 

rot-k=0, 
dive = 4zp, 


equations of electrostatics: 
Ar ele: 
rot H=—y , . : 
c equations of magnetostatics. 
divnH=0, 


The electrostatic equations were considered in Chapter 4 and in the appli- 
cations of Chapter 4. 
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In the case of a homogeneous medium, we easily obtain an equation for 
the individual vectors Band Hf. We therefore assume that p = 0 and j'' = 0. 
By applying the curl operator to Eq. (5-4.6), we have 


£ Oo 4z 5 
rotrot HW = — rot E+ ort E 
c at Cc 


from which, because of Eq. (5-4.7) and 
rot rot 4 = grad div W— JH, 


we obtain the relation 


graddiv 47 J#P— —-~ —— — 

















coat? coat 
or 
LGW dean Ont y oC 
sie Re eee (« -£), (5 -4,18) 
aot ¢ 0 Eft 
Since 
divH=0. 
In a corresponding manner, we obtain for EF the equation 
2y7 Y 
7 ” oD Ax ” 4 
je Ee oe (5-4.19) 
a at c at 


In particular, the components £,, Ey, BF, and i, W,, WH, satisfy Eqs. (5-4.18) 
or (5-4.19), that is, each of them satisfies the equation 
1 au Azayt ou 


Jn=s 


2 my2 : 2 
a at coat 





(5-4.20) 


The type of this equation is determined by the properties of the medium 
and the character of the process. If the medium is nonconducting ( = 0), 
we obtain the ordinary wave equation 





Ju= “ (5-4.21) 
that is, In a nonconducting damp-free medium, the electromagnetic process 
propagates with the velocity @=c/Ver. In particular, the propagation velocity 
in a vacuum is equal to the velocity of light c. 

If the medium possesses a Jarge conductivity and the displacement current 
in contrast to the conduction current can be neglected, then the process is 
described by the parabolic differential equation 


Anopt ou 
a nat —, (5-4.22) 

mn] 

coat 
In the general case in which the conduction current and the displacement 
current are of the same order of magnitude, Eq. (5-4.20) represents a hyperbolic 
differential equation. The propagation process is then connected with a damp- 

ing which is produced by an energy loss because of the conductivity. 
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For example, for induced processes, in diffraction problems, we set 
iwet 


u = u(x, y, ze 


and arrive at the elliptic differential equation 


Ju t+(k’ + ig =0, (5-4.23) 
where 
,. a 2 4zapum 
k= re q = a ‘ (5-4,24) 


Static fields, as already noted in Chapter 4, are represented by the Laplace 
differential equation. 


2. Potential of an electromagnetic field. For the determination of an 
electromagnetic field, we must generally calculate six quantities, namely the 
components of the vectors E and H. Ina number of cases, the problem can 
be reduced to the calculation of four quantities (under certain circumstances 
even fewer). To this end, we introduce the vector potential A and the scalar 
potential @ of the field as follows: We consider Maxwell’s equations in a 
homogeneous medium, say in a vacuum. From the equation 


divHT=0,, (5-4.8’) 


it follows that the magnetic field vector H is source-free and, therefore, with 
the help of another field vector A can be represented in the form 


H=rota. (5-4.25) 


By introducing this expression into 


we obtain 


that is, the vector E+ (1/c)(@A/dt) possesses a potential. Thus this vector can 
be represented as the gradient of a scalar function ¢: 


pia 
c at 





= —grad¢. (5-4.26) 


From this equation it follows that 


Bra va 2 a 





The vector potential A introduced in this manner and the scalar potential 
yy are not uniquely determined. From formulas (5-4.25) and (5-4.26) we know 
that we obtain one and the same field when we replace A and ¢ by the 
potentials 
1 oF 


A’=A+gradF, g=¢g--s 
c ot 
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where F is an arbitrary function. In order to remove this ambiguity, we 
impose on A and ¢ that auxiliary condition 


divAt+—-+ 0, (5-41.27) 


which is ordinarily known as the Lorentz condition. We shall now show that 
under this condition the potential A and ¢ satisfy the equations 





a2 
dy — 4 EE = «arp, ‘5 4.28) 
c at 
a2 = 
Ey eee le 5 4.29) 
c atl Cc 


where p is the given charge density and y is the given current density. 
If we put expressions (5-4.25) and (5-4.26) into Eq. (5 4.6), then by using 
the identity 


rotrot A = graddiv A — JA 


we obtain the expression 


0 a2 
grad (aiv eo ) ey ee re 
c at 





As a result of the above and condition (5-4.27), Eq. (5-4.29) follows. Now if 
we Substitute expression (5-4.26) into the fourth Maxwell equation 
div EF = 4rp (5 -4,9') 


and use condition (5-4.27), we obtain [eq. (5-4.28) for ¢. 
In the case of a homogeneous conducting medium ‘a 7 0), the potential 
is introduced by means of the expression 





BA, “R=sedes 2S (54.30) 


cat 


A and ¢ are then related to each other by the expression 


tv 


div Ae ye Be (5-4.31) 
c at c 
and satisfy the equations 

Gh eaA _ Acpoa oA Nee Se (5-432) 

cat? cat é 
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For these equations, the considerations used above for Eqs. (5-4.28) and (5-4.29) 
are valid. 

If no free charges are present (9 = 0), then ¢ = 0, and the field vectors 
can be expressed through the vector potential A alone, which here satisfies 
the auxiliary condition 


divA—0O. 
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In a series of cases, the electromagnetic field can be described by a vector 
field which has only one component different from Zero. 

Some of these examples will be considered in the following discussion. 
(see also Section 7-5.1.) 


3. The electromagnetic field of an oscillator. 

(a) In the theory of radiation of electromagnetic waves, the notion of an 
oscillator is often used. This concept is closely related to that of linear cur- 
rent. An oscillator represents a linear current of infinitesimally small length. 

We shall consider a rectilinear current L, whose strength undergoes time 
dependent changes. In the simplest case, we shall assume that the strength 
of the current does not change with the length of the conductor. 

One such current, constant along the conductor, is related to the presence 
of charges at the ends of the conductor which changes with time. By analogy 
with an electrostatic dipole, which we represent by a system of two charges 
e and —ge, an oscillator can be characterized by its moment 


P(t)=e(tl. (5-4.34) 
The strength of the current in the oscillator is then obviously equal to 
Jt) = et), .. 
so that 
QP _ py, (5-4.35) 
at 


The product J(t)l = J)(t) is called the moment of the current. 
(b) We seek the electromagnetic field which is generated by an oscillator 
with the moment 


P= Pf (t) (5-4.36) 


in unbounded space under the assumption that o = 0, ¢=1, # = 1 (vacuum). 
Moreover, we consider the generation of an electromagnetic field by a 
rectilinear current L, when we regard the oscillator as the limiting case. 
Outside of the current L, the electromagnetic field is defined by Maxwell's 
equations 


‘ divH=0, 
(5-4.37) 


rot. k= ———._, divE=0. 
Cc 


On the line of current L, the field vectors H and E must have a singularity 
which, moreover, is characterized by the fact that the circulation about one 
of the current lines enclosed by an infinitesimally small circle A, has the 


value 
Gack: eee: (5-4.38) 


60 Ke Cc 


where J = j(t) denotes the strength of the current. 
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From this condition it follows that the component //s must have a singu- 
larity of the type 


dese! (5-4.39) 
cp 
on the line of current. Here, p = MP, M, is a point on L and P is a point 
on K, (9 = «). 
For the unique determination of the field, initial conditions are given 
which we assume to be homogeneous. 
For the solution of the problem, it is convenient to use the potentials A 
and ¢, introduced above, with whose help the field can be described as follows: 


H=rotaA 
1 aA (5-4.40) 
= —-——~ — grady, 
ot 
where 
divA+i# =o, (5-4.41) 
c alt 
The vector potential satisfies, outside of L, the homogeneous wave equation 
12 
iA - 4,24 = (5-4.42) 
c ol 


We now introduce a rectangular system of coordinates, whose z-axis has the 
direction of L. Then we set 


A= A(x, y, z)2°, 


where 2° is the unit vector in the direction of the z-axis. 
Obviously, the function A(x, y,z) outside of the line current L, satisfies 
the homogeneous wave equation 


a2 
Ey ae 
c at 





=0. (5-4.43) 


For the determination of the singularity of A on the line current, we use 
condition (5-4.39). From (5-4.40) there follows 
_ aA 

dp ° 
By use of condition (5-4.39), we then find that the function A(x, y,z) at the 
points of the line current L must have a singularity of the form 


Hs 


As Taps, (5-4.44) 
c 
The potential A is taken in the form 
AP, t) = | AP, M,t)dly (P= P(x, y,2)). (5-4.45) 
i 


Therefore, A,(P, M,?) = A\(P, M, t) dl is the vector potential of the elementary 
current of the oscillator whose moment is equal to J, = J dl. 
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Hence, if the potential A possesses the required singularity, then A,(P, M, t) 
must have a singularity of the form 


AP, M, t) = 282, 
CY pM 
Namely, if we assume that A, has the desired singularity, and calculate the 
value of A in the neighborhood of L (0 < z < /) according to formula (5-4.45), 
then there results 


anil : a=L as 


0 CYup C Vp qo2—= CP 





25 oe _ Sa ihe. z—-l+Vp? + (z—l1y 
= = In[z C+V 8+ ar eee IY pr ee 


1 — Teng 2... | 
ane a F + oa 7 


: z+ Vere 


Here, the dots imply terms which, for » = 0, assume a finite value. 
(c) Consequently, with respect to the variables P(x, y, z) and t, Aj(P, M, 2) 
must everywhere satisfy the wave equation 
1 aA 
4A, = “2 - = 
coat 


il 


eT is Ao es . 
Cc 





=0 (5-4.46) 


with the exception of the point M, while at this point it possesses a singularity 
of the form 


A, = 20 (5-4.47) 
CYMP 


The initial conditions, according to previous agreement, are homogeneous. 
The solution of this problem, as we have seen in Chapter 5, is given by 


the retarded potential 
Soft us rar) 
AM, ‘a t) = eee ae , 


(5-4.48) 
cYur 
As we have noted above, the moment of current is equal to 
Jit) = Jit) dl = & = po fit). (5-4.49) 


Therefore, the field vector of the oscillator can be represented in the form 


pof(t-) 
AS 


(5-4.50) 
cr 


Often, instead of the vector potential, the polarization potential (the Hertz 
vector) w is used and we obtain 


AS, (5 -4.51) 
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The Hertz vector w likewise satisfies the homogeneous wave equation 





Lae (5-4.52) 


and is connected with the scalar potential by the relation 
g=-—divar. (5-4.53) 


The field vectors EH and A can be expressed through the polarization potential 
as follows: 





a2 
E = grad divx — = a =rotrotr (5-4.54) 
0 
Hea ot, (5-4.55) 
c ot 


By using Eq. (5-4.50), we obtain for the polarization potential of the oscillator 
the expression 


or 


(d) For the calculation of the electrical field E and the magnetic field 
H, we use spherical coordinates 7, 9,¢, at whose origin lies the oscillator. 
The z-axis (9 = 0) has the direction of the vector p, (Figure 82). We denote 





the unit vectors of the polar coordinate system, by 1,, tg, ty. 
The vector 2, parallel to the vector p can be represented in the form 


My = 2 COS Vi, — 2 SiN Vig , (5-4.57) 


a= |7| : 
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By substituting (5-4.57) in Eqs. (5-4.54) and (5-4.55) and using the represen- 
tation of rot F in spherical coordinates 


ro. F = A i sate 9 FO ee li 

















rsin 9Ld9 o¢ 
ra “A al 6 
=. i z ae “UF, )|is + | Sore) oi 
r Lsin 9 o¢ or 09 


and the relationship z) = 2)(1.¢), we obtain the expressions 


2cos 9 dZ, 








Pe ae 
. } QO) (5-4.58) 
k, sin 9 S (re) ; B00: 
r or or 
H, _ 0 s Hg = 0 : 
2 (5-4.59) 
H, = —sim ge aes 
: c Oorot- 


From Eqs. (5-4.58) and (5-4.59) it follows that the electric and magnetic fields 
of the oscillator are perpendicular to each other. 

(e) We shall now consider the case in which the dipole moment depends 
periodically on the time 


-iwt 





p.t) = poe 
In this case formulas (5-4.58) and (5-4.59) read 
E, = 2.cos 0 — et ; 
r r 
E, = sin (= eee ‘) Z, (& =). (5-4.60) 
r r Cy 
H. = ik sin 9 (ie - -) Zo + 
, 
where 
ikr 
Zo = por—e. (5-4.61) 
i 


If we proceed from formula (5 4.60), we can easily establish the particular 
characteristics of the oscillator field. At distances which are small compared 
to the wave length 4 = 2=k (kr « 1), we can limit ourselves to one term in 
formula (5-4.60). The formula obtatned in this manner for the electric field 
corresponds to the field of a stationary dipole, whose electric moment p is 
equal to the Instantaneous value of the oscillator moment p(t). For the 
magnetic field we obtain an expression which corresponds to the Biot-Savart 
law. At larger distances from the dipole, R >» 4 (kr » 1), all terms in formula 
(5-4.60) which are of higher order than 1l‘y can be neglected. Hence we 
obtain 


EY = 0. Es = A, = =} sin IZ, ¥ (5-4.62) 
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that is, the field is transverse with respect to the direction of propagation. 
Such a subdomain of the field in which the radiation field is transverse is 
called a wave zone of the oscillator. For determination of the energy flow 
through a spherical surface of radius R whose center is at the oscillator, we 
must first calculate the Poynting vector 


S= yeu) =S EV 
ra ! As 


and integrate this over the entire sphere. 
From formulas (5-4.61) and (5-4.62) it follows that in a wave zone the 
real part of the vector //, and Ey is defined by the expression 


4 w sin 9 r 
H,. = Es = -—y— po cos u(t = +) : 
cr c 


Hence, we obtain 





24 ore 
@ sing 2 r 
S= pi, cos’ a(t — «) . 
4zr Rc c 


Accordingly, the energy flow through a sphere of radius R during an entire 
period T = 27 w is equal to 


eT ax pan 9 2! T : s 
$e a at | | SR*sin 9d0de — fi a cos? o( “) dt 
Jo Jo Jo c i 





or 


a4 
vo pow 
aco. 


The energy emitted by a harmonic oscillator is, therefore, proportional to the 
fourth power of the frequency 
s 


v~a' or vw~ 


where / is the wave length. 


SPATIAL HEAT PROPAGATION 


6-1. HEAT PROPAGATION IN UNBOUNDED SPACE 


1. Green’s function 


In Chapter 3 the propagation of heat in an homogeneous isotropic media 
was described by the heat-conduction equation 


=a’ du, (2° = =.) (6-1.1) 
._ ¢p 

Here u(M,t) is the temperature at point M(x, y, z) at time ¢, o is the density, 
c is the specific heat, k = const. is the heat conductivity, and a’=k'co is the 
temperature conductivity. Equation (6-1.1) is also Known as the diffusion 
equation. In this case « denotes the concentration of the diffusing substance 
and a’ = D is the diffusion coefficient. 

We begin with the consideration of the following problem in an unbounded 
space: 

Determine the solution of the inhomogeneous heat conduction equation 


wy — a du t+ 2. (6-1.2) 

cp 
(f denotes the density of the heat source) which satisfies the initial condition 
u(x, ye, 0) = g(x, Jy; z) ' (6-1,3) 


The solution of this problem can be represented in the form 
ue = ty + Ite, 


where 2; is the solution of the homogeneous equation (6-1.1) with inhomo- 
geneous initial conditions, and zz, is the solution of the inhomogeneous equa- 
tion (6-1.2) with homogeneous initial conditions. For the investigation of the 
corresponding homogeneous problem, we see that it is sufficient to determine 
Green’s function for its solution. 

We shall now construct Green’s function for the heat conduction equation 
in an unbounded space. 

First we prove the following lemma, which will be of use to us later: 


Lemma. If a solution of the equation Ju — (1/a)m, = 0 depends only on r and 
f, then the function v = ru satisfies the equation 
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= azT: (6-1.4) 


Thus, if we write the Laplace differential expression in polar coordinates, we 
see that the function «= u(r, t) satisfies the equation 





2 a a2 n 
au 2 ate 1 Gu 0 ] aru) 1 On 


Now if we set 74 =v, then for v we obtain equation (6-1.4)." 

At the origin of coordinates lies a continuously acting heat source with 
a constant intensity g. while in the remaining space the initial temperature 
is equal to 0: 


ur,0)=0 for r #0. 


Obviously, in this case the temperature zw is a function which depends only 
on ¢ and f, 

The presence of the heat source for r= 0 indicates that the heat flow in 
a unit time through a sphere S, (with the center at r=0 and radius ¢) as 
e—>0 is equal to q, that is, 


lim | — | | asda | =a. 
60 Sed ON 


Since the normal derivative de/dn = du/dr is constant because of symmetry on 
the spherical surface S,, we have 


spill dee ->qg fore>Q. 
or 


rse 





This means that the derivative du/dr for r= 0 possesses a singularity of the 
form —q/4zkr*. Consequently, for x =0, the function itself must possess a 
singularity of the form 


q 
Ankr ’ 





u~ 


so that the product ru =v for r =0 remains bounded. 
The function v defined by the conditions 





av _ Lov 

ar” a at’ 

0j)=L=»y, 6-1.5 
v(O, t) iad Vo ( ) 
v(r, 90) = 0 


can be represented by 


. 1 2. (* -a2 
v(7, t) vf (Wa ve Vr Jaa : 


13 See Section 5-1.1. 





424 SPATIAL HEAT PROPAGATION 


[see formula (3 3.35)]. Consequently, the heat-conduction equation for a con- 
tinuously acting source of intensity qg, which lies at the origin Vv — 0), has a 
solution given by 

» ow 


a =| eda , (6-1.6) 
ii 


Loo Je (vate) 


| 
4ch 








wnt) =qurb=4q 


where U(r, f) is the temperature corresponding to a unit source (q 1). 

Now, in order to go to the case of an instantaneously acting source, we 
consider a source of intensity q tying at the point (.,7) which may act 
continuously during a time interval :. Such a source is equivalent to two 
sources of intensities, +g and —q, one of which acts at trme f= 0, the other 
at time f= 7. Thus the temperature distribution can be described by 


uAnt)= dU.) -— UGt-—)). 


During the time intervat 7, the amount of heat Q — qr is set free, so that we 
obtain 


u(rt) = aes [Ur ti) - Unt- 2]. 


If we now pass to the limit as s—-0 and assume that Q remains constant, 
we obtain 





: aU Q 2 5 gate r 3 
tor, 2) = Vim a. 2) = Q— = ere 
rf) r—0 Anh) ot Acker o]ooz 4. ats 
or 
wr h=H—Gyiwahar gd, 
are) 
where 
e, : oe oe am ] : Ce Ste ele og 55) ate 2 = 
CLE Se eet Scheel S STS) ¢ . (6-1.7) 
2 xa 


is Green’s function of the heat source. It represents the temperature at the 
point (x, 4.2) at time ¢. which is produced by the point source of intensity 
Q=cp at the pomt r,g), at the time f= 0. 

It can eastly be shown that 


Pay . 


\\_ | Gur. yeti gsr Odgdrdg — 1. (6-1.8) 


The triple mtegrat (6-1.8) can thus be written as a product of three 
integrals, each of which its equal to unity: 


4 l Bf ogale pe | Cs ce ¢ Ss -oy 
—s— (’ mS : i= — = | 28 la _— 1 < ( rz ) .: 
| w2V nat ae a : gee "at 


a ‘ 


v 





From Eg. (6-1.7) it is apparent that Green's function G ts symmetric: 


GENCE SG he GE bee le Ne? a 


6-1. HEAT PROPAGATION IN UNBOUNDED SPACE 425 


This property is the mathematical expression of the reciprocity principle: 
The action, due to a source lying at the point (6,7, ¢), at the point (x, ¥. z) is 
equal to the action at the point (€,7,¢), due to the same source found at the 
point (x,y,z). For the variable ¢ such a symmetry is not valid. This cor- 
responds to the irreversibility of heat processes with respect to time. 

In order to determine Green’s function G for two variables, we consider 
a Straight line, parallel to the z-axis and passing through the point (€,7). On 
this straight line let there be distributed an infinitely long linear source; we 
denote by Q = const the intensity of the source per unit of length. Green’s 
function G, of such a source does not depend on z. It is determined com- 
pletely by its value in the x, y-plane. For the calculation of G, we therefore 
proceed from the fact that the amount of heat leaving the element df is 


dQ=Qd. 


Then the temperature distribution in space is given by the integral 


“= | Qe Giz. y, By ESE; Gs 
eo Cp 
From the calculation of the integral 


| en! 2 raat dt ou 2a | eC Me Ag a 2/=at , (« = 37a) ’ 


—o —3o 








we obtain 


where 


1 OS Sri ah ily ow )*)/4a2 / 
Gx, y, t; &, n= (s7em)e [ix-Si2 i ty yi AV/4 fT (6-1.8’) 


By comparing (6-1.8’) with formula (6-1.7) we recognize the corresponding 
structure of Green’s function for both two and three variables. 

Green’s function for the one-dimensional case can be obtained in the same 
manner. If we consider an infinite plane source with constant density Q, we 
obtain 


all 


ed : Q 1 ~tx-G12/4a7t 
= G ’ ’ ’ ’ ’ ’ = ——<— 
a: _ (Mi Vy 2505 EMG) o er 


G,(x, t, §), 


an Ie 


where 


Gilx, t: é)= gree seynart 
i EE at 
is Green’s function (source function) for one variable. In Chapter 3, we gave 
a graphical representation of G(x,¢;&). The properties of Green's function 
described there hold also for the spatial case. 
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2. Heat propagation in an unbounded space 


We shall now use Green’s function constructed in the preceding section 
to investigate the propagation of an initial temperature in an unbounded space. 
Also we shall find a solution of the equation 


= ardu, (6-1.1) 
which satisfies the initial condition 
u(x, y, 2,0) = g(x, y, z) (6-1.3) 


The initial temperature state obviously can be represented as the super- 
position of the actions of the instantaneous sources which produce the initial 
temperature. Therefore, we consider an element of volume d&dy dC, which 
contains the point (&,»,¢). For the production of the initial temperature 
y(E,, ¢), the amount of heat dQ = cp¢(é, 7, C) d&dnd€ must then be present in 
dé dy dé. 

At another point (x,y,z) at time ¢ this amount of heat produces the 
temperature 


Ge,» Zire 6) = Gy, 28 £1, Olé, 9, Odo dn de . (6-1.9) 


On the basis of the superposition principle, the solution of this problem can 
be obtained by integration of Eq. (6-1.9) over the entire space: 


co 


Wx, y, 2, ¢) = \\ | Gc, yy 2 #1 & 0, QlE, n, Ode dy de . (6-1.10) 


We obtained formula (6-1.10) by heuristic considerations, without regard 
to the limits of its applicability; hence it is not a proof. 
We shall now prove the following theorem: 


Theorem. If © is a piecewise continuous and bounded function, «| < A, then 
the function « defined by the relation 


oo 


? 2 2 Pays 2 , 
U(x, Jd, Ry t) = Cras) \\ jeune Cy mea (z-Q0#)/4a *&(E, %s ¥) dé dy ad: (6-1.10 ) 


is 

bounded in the entire space (| < A); 

a solution of the heat conduction equation for ¢ > 0; 

3. for f= 0 continuous at the points of continuity of the function ¢ for 
which the condition w(x, y, z,0) = (x, v, z) holds. 


woe 


For proof of 2 we use the following well-known lemma (see Section 3-3). 


Lemma. If for an arbitrary value of the parameter &, U(x, y, z, t; €) is a solu- 
tion of the equation Lin) = 0 (LE denotes a linear differential operator), then 
the function 


Cae ee | Ulex, y, 2, t: Be(6)dé 
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is likewise a solution of the equation L/z) = 0, if the derivatives of the func- 
tion zw occurring in L/1) can be calculated by differentiation under the integral 
sign, 


In our case U =G satisfies the heat-conduction equation for arbitrary 6é, 
7,2. As is Well known, an improper integral can be differentiated with respect 
to a parameter under the integral sign, when (a) the derivative of the in- 
tegrand is continuous with respect to the parameter, and (b) when the integral 
which we obtain after the formal differentiation converges uniformly. 

If we formally differentiate the integral in formula (6-1.10’) with respect 
to x, then we obtain 





\\"| (- 7 ea (€,9, OQ dédndS. — (6-1.11) 
The integrand for { >¢>0Ois continuous, while the exp — ({(x—&)°+(y—7)’ +(z—£)']/ 
4a°t) guarantees the uniform convergence, provided « is bounded: ‘¢\ < A. 
Corresponding results are obtained by repeated differentiation with respect 
to x and by differentiation with respect to ¢. This also holds true for dif- 
ferentiation with respect to y and z. Thus for ¢ > 0, G satisfies all assump- 
tions of the lemma and thereby satisfies the heat-conduction equation. 

The boundedness of the function « defined by formula (6-1.10'), which 
we can also write in the form 


uM, t) = i \cm. M’, te’) dry 
(M= M(x, ¥, rae M = M'(é,7, 2), 


can be determined directly if we use Eq. (6-1.8): 


wk | | Gas =A. (6-1.12) 
We now proceed to the proof of the continuity of w(x, y,2z,¢) for ¢=0. 

For this purpose we consider a point Mo(xo, Yo, Zo), at which the function ¢ is 

continuous and prove that for each < > 0, a d(s) > 0 exists such that 


uM, t) — ¢(M,)' <« for MM)| < o(s) and t < d(e). (6-1.13) 


Now let 7;, containing the point M,, be an auxiliary region whose size 
will be prescribed later. The remaining part of the space is denoted by 7>. 
By considerating the equations 

u(M,t) = \| 


\oum, M', the(M') dew + \| com, M', the(M’) dem , 


Ty Ts 


(My) = \| | Gum M’, te( My) dear + ¢(Me) \| | 


Ts 


jou, M’, t)dtm 


Ty 
and the relation GWM, M’, t) > 0, we obtain 
iu( iM, t) = e(M)| < Ji + Js ’ (6-1.14) 


where 
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he \\ | cow. M', Dig(M’) — G(M)| dear (6-1.15) 
Ty 


j= 2A\\ (out m,ddew (6-1.16) 


Ts 
On the basis of the continuity of » at the fixed point M, for an arbitrarily 
chosen 7 > 0, there exists a 6’(7) > 0 such that 


'e(M") — ¢(My)i <7. when !M’'M,} < 6'(). 


Thus if the diameter of 7; is not larger than 6’(</3), then 
€ € re € 

— ome << ie 6-1.17 

n< qh, \oew <3 ||" loa=4 me 


We shall now study more precisely the selection of the region 7,. For 
T,, we can choose a sphere with center M(x, y,z). This choice proves to be 
suitable for the estimation of the integral J/,. The estimation (6-1.17) of the 
integral J, remains valid when the radius p, of this sphere is chosen equal to 


19(4) 


By transforming to polar coordinates whose origin is at the point M, we 


and ‘MM, < Po- 





obtain 
1 a ere 
Ga- on (=a) | ev Mart 2 dr 
\\,.| 21/ xa? 0 
oles att _ 
= 7 | a 2v ale ig ia i =| we “da= : 
w= Jo fo | = Jo 
(“=a7m) 
2/4 at) ’ 

since 

| we da = — sac” +3 | eda = ae é 

Jo 0 Jo 4 





Therefore we arrive at the relation 


\\ fea =1-|) (Ga: >0 fort 0, 
Iirs rT, 3 


that is, for each ¢ > 0, a 6’'(e) can be found such that 


Guess = , 
N,.1O% <a 


and consequently 


nee, (6-1.18) 


when ¢ < 6 '(e), 
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Now we denote the minimum of the numbers (1 2)4(¢:3) and 6’"(e) by dle). 
Then the inequality 


lu(M, t) — ¢(M,)| < ¢ for |MM,| < de) and ¢ < sls) (6-13.13) 
holds. Thus we have proved the continuity of «(M,?¢) for ¢ = 0 at each point 


M,, where ¢ is Continuous. 
We shal! now solve the inhomogeneous equation 


f 


2 
uy = ada + 
co 


with the homogeneous initial condition 
ux, y,2z,0)=0. 


For this purpose we consider a point (é,7, 2) at the time z <¢. The amount 
of heat which appears in the volume clement dé dy df during the time dz and 
equals 


dQ = fdé dn do dr 


produces the temperature 
1 ” ‘3 F B a "5 
ooo" y 2b En, €, cf (6, 9, 6, 7) dé dy dé dr 


at the point (x, y, z) at time ¢. 
On the basis of the superposition principle, the solution of our problem 
can be written in the form 


tC fo 1 
ux, y,2,b) = | \| | Ge Veoh tet Cy sie) dedydode. 40-1519) 
0 - 00 cp 
We shall neither delve further into the proof of the correctness of this 
formula nor go into the conditions which guarantee its applicability. 
The first and second boundary-value problems with homogeneous boundary 
conditions for the half space are solved by the reflection method. 
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1. Scheme of the method of separation of variables 


In Section 6-1 we investigated heat propagation in an unbounded spacc. 
To investigate heat propagation in a bounded region of space, certain bound- 
ary conditions must be added to the equation and to the corresponding initial 
condition. The simplest of these cases are those with boundary conditions 
of the first, second, or third kind. 

To begin we formulate the simplest problem with a homogeneous bound- 
ary condition of the first kind: 

Determine the solution of the heat-conduction equation 


ue = a’tu in the interior of 7, 


with the initial condition w(x, y,2,0) fx, y.2), (6-2.1) 
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and the boundary condition ws =0, 


where £ denotes the boundary of the region 7. 


Again, the solution of this problem begins with the help of the usual method 
of separation of variables which was applied earlier for the investigation of 
the wave equation 1, = a’du in Section 5-2; the situation here is completely 
analogous. 

For this purpose we consider an auxiliary problem: 

Determine a nontrivial solution of the equation 


u—a@du =O, 
which satisfies the homogeneous boundary condition 
tls = 0 (6-2.2) 
and is representable in the form 
u(M, t) = v MYT 2) . 


By separation of variables in the above manner we arrive at the following 
equations for v(M) and T(t): 


dvt+dsv=0 in T, 
v=0 ond, (6-2.3) 
and 


T'+a@iT=0. (6-2.4) 


For the function v, we have an eigenvalue problem which was already seen 

in the study of the vibrations of a bounded spatial region (see Section 5-3.1), 
Let 4,, 42, ...,4, be the eigenvalues and v;, v2, ...,U, be the corresponding 

eigenfunctions of problem (6-2.3), The functions v, form an orthogonal system. 
The corresponding functions T,(#) have the form 


T(t) = Ce , 
so that the auxiliary problem has the nontrivial solution 


ttn(M, t) = Cadn(M e722" (6-2.5) 


The general solution of the original problem can, therefore, be written in the 
form 


u(M, t) = = Cre y,(M) . (6-2.6) 

From the initial condition 
1(M, 0) = ¢(M) = Py Civ.(M) , (6-2.7) 

we obtain the coefficients 


| o(M")u,(M") dzs4- 
wh Al 
vas N, 


6-2. HEAT PROPAGATION IN BOUNDED REGIONS 431 


where 
N,= | v(M") dey 
T 
denotes the norm of the function v,. The function (6-2.6) is, therefore, 
actually a solution of the problem. 


The solution of the inhomogeneous equation 
u, — a’du = f(M, t), (f= =) (6-2.8) 
p 


with homogeneous boundary and initial conditions can likewise be obtained 
with the help of this method. 
To this end we set as usual 


“(M, t) = 7 T,(t)v,(M) (6-2.9) 


and expand the function /(M,f) with respect to the eigenfunctions v,(M). 
The result is 





J(M, t) = 2X FultWnM), fat) = 7 | SM’, t)u,(M") drm. (6-2.10) 
aS n JT 
For the determination of 7,(¢) we then find the equation 
Ta + @anTn = fill) (6-2.11) 


with the initial condition 7,(0) = 0, provided u(M,0)=0. This equation is 
solved by the function 


Phe oo Pde: (6-2.12) 
0 
Thus we obtain 
u(M, t) = \'\ LoS ‘lnm’, =)dey dz. (6-2.13) 
oJr\lu=t n 


The expression in brackets corresponds to Green’s function of an instantaneous 
source of intensity Q = cp, which at time < is at the point M’: 
2% UalM un M’) -o2a,1t- 
GUM, t, M'y2) = 3 PAM poate 
n=1 N, 
The solution # of the first boundary-value problem for the heat-conduction 
equation with an inhomogeneous boundary condition #|: = s can easily be 
converted to the solution « of the inhomogeneous equation with the homo- 
geneous boundary condition uw|y = 0, if we set 


“w=ut+?@, (6-2.15) 


(6-2.14) 


where # is an arbitrary (sufficiently smooth) function which assumes the value 
yeon ¥ (see Section 3-2). The most frequently occurring case of a constant 
boundary value js. = const can be transformed with the help of the function 
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do =ut flo, (? = const = fto) 


into the corresponding problem with a homogeneous boundary condition; therc- 
fore # is the deviation from the stationary solution. 

From these considerations, it follows that the fundamental difficulty in 
the investigation of heat propagation in bounded regions consists of the 
determination of the eigenvalues and eigenfunctions for the given region. 

The form (6-2.6) of a solution obtained by separation of variables proves 
to be particularly suited for the investigation of sufficiently wide progressive 
stages of the propagation processes for large ¢. The eigenvalue 4, increases 
rapidly with the number # for an arbitrary region. Consequently, for / » 0 
the series converges rapidly, so that after a certain time the first term dif- 
ferent from 0 dominates in comparison with all the remaining terms: 


u(M, t) = Cyoy(M eo" 6 -2.16) 


This result corresponds to the physical fact that independent of the initial 
distribution, after a fixed time, a ‘‘regular’’ temperature process develops in 
the body for which the ‘‘profile’’ of the temperature changes only slightly 
with time and the amplitude decreases exponentially with increasing time. 
The nonstationary methods for the determination of temperature conductivity 
coefficients depend on this process. By measuring the temperature of the 
body at an arbitrary point M,, we find 


In |e My, ft)! & — ade + In'Cyo\(M) . (6-2.17) 


The graphical form of this function is represented by a straight line with 
slope equal to —a’2, at a fixed time. If we know the magnitude of 4,, which 
naturally depends on the shape of the region, we can then determine the 
temperature conductivity. 


2. Cooling of a circular cylinder 


We shall now investigate the problem of cooling an infinitely long cylinder 
of radius 7) which possesses a fixed initial temperature, while the temperature 
on its surface is equal to 0. Furthermore, we shall assume that the initial 
temperature does not depend on z (the z-axis is in the direction of the axis 
of the cylinder). The subsequent temperature states are then similarly inde- 
pendent of z. The temperature state can change, therefore, only in the cross 
section S of the cylinder. In this cross section we choose a polar coordinate 
system whose pole coincides with the center of the circle S. Our problem 
then leads to the determination of the function u(r, ¢,¢) which satisfies the 
equation 








x2 2 
ve 16 0 "1 
e+ Se 6-2.18) 
or roo roo a ot 
with initial condition 
ur, ¢, 0) = Or, ¢) \6-2.19) 


and the boundary condition 
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Ur ghHh=0. (6-2.20) 


As stated earlier, the solution of such a problem can be represented in 
the form 








“= SCe** 0M) : (6-2.21) 
Here the summation extends over all the eigenfunctions of the problems 
a’v 1 dv 1 av 
sto tar tv =H 0," Ui GSO 2 (6-2.22) 
or r or r° a9 


We have already investigated this eigenvalue problem in connection with the 
vibrations of a circular membrane (see Section 5-3). We found that each 
eigenvalue 


(ne 2 
Inn = (“) (6-2.23) 


% 


corresponds to two eigenfunctions 


tny 

= ft 

Vin 1(4 = r) COS 1G , 
* 


0 





and 
‘nj 


{tm r) sin ny, (6-2.24) 
- 


0 





Cin = Jaf 
whose norms are equal to 


2 
_ EnYo Ty i Miyy2 a 1 for x #0 ’ & os 
Nam = D (Lalit )] ’ gn = {9 Corde t. (6 2.29) 


Here jun denotes the th root of the equation 
Sis) = 0. (6-2.26) 


By using the expression for v and 2, we obtain 





es. 2B = bes . (nm) ° am) e 

urof= LY Y (Camcosne + Cym sin ng) Ja( re mess « WOeace) 
n=0 m=l Yo 

where the coefficients C,m and C,m are calculated from the initial values ac- 

cording to 


(nt 


Fake a en baer 
| ‘| OY, on ( r) cos ngr dy dr 
a Jo 7 











Cs = xr o ’ 
5 AAG ae 
ro (2s Jon : 
a re ty (ndx72 ; 
a [Jnl ptm )] 


: = {5 for n #0, 
"" \2 for n=0. 
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If the initial temperature # depends only on x, then the double series (6-2.27) 
reduces to the single series 


(0) 


ur, t= > Cnbo( re a ealrore (6-2.29) 


0 





where 
r9 ho 
2| bir) o Ce) rar 
Ce ret Ss (6-2.30) 
rol Alten) ; 
while fn denotes the mth root of the equation /,(j) = 0. 
We now wish to discuss, in somewhat more detail, the cooling of a 
uniformly heated cylinder. Jet the temperature on the surface of the cylinder 
once more equal 0. If 


u(r, 0) = P= ity 


is the initial temperature, then 


* (0) (0) r 
2u| *(&-r) rdr-— 2uy ior rh (fr) x 
Ge ee a Ne ate _ 


TO) = : — , (6-2.30’) 
rili(pem 1 rolSi(pem')]° fie Tien 
since wJy(a) = {aJi(a)]’.. Thus we obtain 
u(r, t) © Dijin Bye Gi ling r a) : 
wrt) SF 2foltem'P) g-tuig ito =U spe. eee 
ie eet (> ro r 


In the table of cylindrical functions (see Vol. I, Appendix), the numerical 
values for the roots pm’ as well as for J,(jm') are given. In particular 


a = 2.40, Ih (ye1°") = 0.52, 
fy = 5525 Jiea’') = — 0.34. 
The series (6-2.31) converges very rapidly, so that we can limit ourselves 


to the first term for large ¢. In particular, on the axis of the cylinder we 
have 


u(r, t) fs 2 Peake 40129 __ 
lo 2.40 * 0.52 








2 
= 1,600 ©, (0=<"). (6-2.32) 


3. Determination of the critical dimensions 


In Chapter 3 we showed that the process of diffusion of an unstable gas, 
whose velocity of decomposition is proportional to the concentration, leads to 
the equation 


t= a’du + Bu, (6 <0). (6-2.33) 


Diffusion processes are of great interest when chain reactions are present. 
Chain reactions are characterized by the fact that the number of particles of 
the diffusing material increase by reaction with the surrounding medium. 
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Thus, for example, a nuclear fission results from the collision of neutrons 
with the active uranium nucleus, which leads to the occurrence of new neu- 
trons whose number is greater than one. These neutrons, in turn, react with 
active neuclei and lead, in the same way, to fission whereby new neutrons 
again occur. In this way the number of neutrons increases. Here we are 
dealing with a typical chain reaction. 
If this process is treated approximately as a diffusion process, we arrive 
at the equation 
u=adut+ fu, (8>0), (6-2.33’) 


since the chain reaction is equivalent to the existence of sources of diffusing 
materials (neutrons) proportional to the concentration (neutron density). 

We consider the following problem: 

Determine the solution of the equation 


u, = a’4u + Bu in the interior of T, (6-2.33’’) 
which satisfies the initial condition 
u(M, 0) = o(M) (6-2.34) 
and the boundary condition 
eet. (6-2.35) 
With the help of the substitution 
u(M, t) = a(M, tye , (6-2.36) 


Eq. (6-2.33’’) leads to Eq. (6-2.1). The initial and boundary conditions thus 
remain unchanged. Therefore the desired function u(M, t) has the form 


u(M, t) = > Cy’? (M) (6-2.37) 
n=l 


The coefficients C, are fixed by the initial function according to formula 
(6-2.10). In case $ < 0 (diffusion with decomposition), the exponents of the 
series (6~-2.37) are larger than the corresponding exponents in the series (6-2.6). 
This means that for decomposition phenomena the concentration decreases 
relatively faster than in the case of pure diffusion (8 =0). In case 8 >0 
(diffusion with reproduction) if, at least for one exponent, §—a@°2>0, ie., 
8 > a’d, holds, then in general (C, #0) there is an exponential increase of the 
concentration with time (chain reaction). The quantity # is characteristic of 
the substance in question (reproduction coefficient), while 4 is essentially 
dependent on the form and dimensions of the region. We shall say that a 
region 7,, possesses critical dimensions for a given 8, when 2, = §/a’. In the 
following we shall calculate the critical dimension of a slab, an infinite cylinder 
and a sphere. 


1. The slab O<x<I. If we consider the problem as a one-dimensional 


problem, then 
2 _2 
A= (=) and 4, = 7 ; 
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‘gee Section 2-2). The critical thickness /,,, resulting from the concentration 
w by an avalanching increase, can also be determined from the expression 


iz 3.144@ 7 
Pe eee OF Shy (6-2.38 
aaa 4 Po V ? s 
2. The infinite cylinder. We consider this problem as a two-dimensional 


problem. Hence we see that the smallest eigenvalue 4 corresponds to a 
radially symmetric eigenfunction and that this eigenvalue is equal to 


( 2 
a (“) a, (p2°' = 2.4048) . 


Thus we obtain for the critical diameter the formula 


2a _ 4.80a 
ey ey 6-2.39 
dx 3 7 3 ( ) 


3. The sphere. The smallest eigenvalue here corresponds to a spherically 
symmetric eigenfunction. It is equal to 


so that for the critical diameter D,, 


ie 2nd 6.28 (6-2.40) 








holds. 


6-3, BOUNDARY-VALUE PROBLEMS FOR REGIONS WITH 
VARIABLE BOUNDARIES 


1. Green's formula for the heat-conduction equation and 
Green's function 


For the heat-conduction equation boundary-value problems arise for regions 


whose boundaries depend on the time ¢. 
For the purpose of simplicity we shall consider this problem only for the 


equation with one posilion variable 
E(u) = Vix, — me = 0, (6-3.1) 


although the following investigation can also carry over to the case of many 


variables. 
First we start with a region BAEF which is bounded by the two charac- 


teristics AB and (F (¢ = const) as well as by the curves 
x= y(t) for AE 


and 
x= y(t) for BF. (Fig. 83) 
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FIG. 83 


The first boundary-value problem for this region consists of the determination 
of that solution of the heat-conduction equation (6-3.1) which satisfies the 
initial and boundary conditions 


“w= o(x) on AB, 
ley. = a(t) ’ tl emyo tt) = yto(t) . (6-3.2) 
It follows immediately from the principle of the maximum that this 
problem can have, at most, one solution. We formulate the other boundary- 
value problems correspondingly. 
We shall now establish Grcen’s formula for Eq. (6-3.1) and, therefore, 


give an integral representation of the solution of this problem. 
lor this purpose we consider the differential expression 


2 
Moya e224 &, (6-3.3) 


If we integrate 


$L(y) — pM) 
over a region PABQ (Figure 84) [here o(x, t) and g(x, t) are arbitrarily often 





FIG. 84 


differentiable functions], then we obtain after a simple transformation 


[pL(e) — pM) dxdt = \¢d dx + “(oc Se “) dt, 
Ox OX 
where the integral on the right side is extended over the closed contour PABQ. 
If Lfo)=0 and M(¢)=0, then after splitting up the integral on the right 
we obtain 
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| yep dx gy dx | | | ybas hie (vst y ot) a] 
JQ ia JY 


OX OX 
4 0 op 7 
(| gpdx t at (yal y aE au : (6-3.4) 


Now tet ey t) ax ty) be any solution of the heat-conduction equation Lad -- 0, 
while op Gala, 66, 7) is the Green's function of this equation on the unbounded 
straight lines: 
Cie” ee ee iene, (6 -3.5) 
2y nat ct) 

Gxt &,c) is usually called the fundatnental solution of the heat-conduction 
equation, tt satisfies the equation L6Gq) 0 wilh respect Lo the variables x, 
fand the adjoint equation A1GG,) 0 with respect to the variables &, c. 

Furthermore, let MG, 2) be any fixed point in the interior of the region 
FARR in which we want to determing the value of the function w(x, z), 
wherens M, is a potnt with coordinates x, 4 1 hk, fo > 0. Uf we now place the 
Charneteristic ?’Q through the point M, replace x by € and ¢ by rc in formula 
(03.4), and apply the resulting: formula and the funetions 


p uct) and op Goel 1 hy &r) (6-3.6) 
to the reyion ABQ? (Vigne 84), we obtain 
te by 8 hath 
RS ( if , Cl X, hh, ’ 1é 
ie L/ nah IANS Vt a a 
| a(G a K ) dt (6-3.7) 
"Ne n€ 


By passing: to the limitas 4 Qund by bearing ino mind the continuity of 
the functions Git ft hy €or) and aG AE on PABQ with respect to f# as well 
ws the equation! 


: c Is Et panty . 
Tin ores ME, PIE tn, f), (6-3.8) 
hor Jpg 2b rath 


whiere Cy, 4) lites on ?’Q, we obtain the desived inteseral formuita 





: m gfpr Us Sa 
Wx, f) | ME, CGN LE, cde | | a (Gy a u ul 2 ) dr. (6-3.9) 
Jing Jot ra ng dg 


ach solution of the heat-conduction equation can be represented) by formula 
3.9) We write the formula in preater detatk 


Re ty G92yaate ci os 


a , c oll 
Woy dy | ye ee EL TE | a —— er (fT 
Jr tng rA| raed e) TT ha Z2\ rail ra) ag 
‘i c th aoe Ckan] e) 
a | u(&, rz) ¢ ——s) dr. (6. 3,9°) 
dng Of V2) nat cr) 


Obviously, (hig formula is not yet usefal ing the solution of the boundary- 


See Section wb cs. 
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value problem, since for the calculation of the right side, not only w, but also 
dujoé must be known along the curves AE and BF. 

Using transformations similar to those which we carried out for Laplace’s 
equation by introducing Green’s function, we can eliminate the derivative 
ou/o£ from this formula. 

Let v be an arbitrary solution of the adjoint equation M(v) =0 which is 
equal to zero on PQ, and let uw be a solution of the heat-conduction equation 
Liu) = 0. By applying formula (6-3.4) to the functions v and zw in the region 
PABQ, we obtain 


0= | EG esas ea (os = =) az | (6-3.10) 
PARQ o€ 
If we now subtract Eq. (6-3.10) from (6-3.9), then 


ety = | EG JG. te dita’ (co = we as , (63.11) 
o& 


pial 
PABQ Os 


where 
G(x, t,6,7) = Gx, t, 6,7) —v. (6 -3.12) 


If we choose v such that G=0 on PA and BQ, we obtain the integral 
representation for u(x, ¢) in the form 
u(x,t) = | 


ulE, r)G(x, t, €,7) dé + «| we dt — a‘| oe dr. (6-3.13) 
B 0 


A AP BQ. OS 


Formula (6-3.13) gives the solution for boundary-value problems on whose 
boundaries the values of the function « are prescribed on AP and BQ. 

We now study Green’s function as defined by formula (6-3.10), where the 
function v(€, 7) was characterized by the following properties: 

1. v(€,7) is defined in the region PABQ and for < < ¢ satisfies the adjoint 
equation Af(v) = 0. 

2. v=0on PQ, ie., for - =f. 

3. v(&,7) = — G(x, t,&,7) on PA and QB. 

On the basis of these conditions, v is dependent on the parameters x, f¢, 
thus v = v(x, f,€, 7). Consequently, for the determination of v we must solve a 
boundary-value problem for the equation M(v) =0. This problem is equiva- 
lent to the solution of a boundary-value problem of type (6-3.2) for the equation 
Liu) = 0, as we can easily see by changing the sign of cr. Therefore, the 
principal difficulty with the representation of the function w(x, t) by means of 
formula (6-3.11) as a solution of the boundary-value problem (6-3.2) lies in the 
determination of the function v(x, ¢, §, 7). 

We consider the function o(x, f,£,-) defined by the following conditions: 
(a) v(x, t, £, 7) is defined in the region PABQ for ¢t >< and satisfies the heat- 
conduction equation L(v) = 0 as a function of the variables x, f; (b) 7 =0 on 
AB, i.e., for f=7; (Cc) v= —G, on AP and BQ. 

In the following demonstration we shall prove v(x, t, ¢,7) = v(x, t, §,7). 

For this purpose we consider the function G(x, t, £,7) = Gy) +0. Obviously, 
for an arbitrary solution 7% of equation M = 0, the formula analogous to (6-3.9) 
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get) | aGy dx + a (a — Go =) dt (6-3.9"") 
BOPA OX ON 


is valid, as is the formula analogous to (6-3.13) 





aG dx + | ioe — a| 7s dt. (6-3.13') 
BQ OX ar OX 


“(s.c) = | 

PQ 

These formulas can be obtained from (6-3.9) and (6-3.13) by changing the 

signs of <, since by this change, equation M=0 is transformed into the 
equation ZL = 0. 

By applying formula (6-3.13) to the region PRSQ (Figure 85) where RS is 


iim: Q 





FIG. 85 


the straight line segment corresponding to the ordinate 7, ¢ > 0 >< and to the 
continuous solution 2x, f) = G(x, t,&, 7) of equation L(w) = 0, we obtain 


CHE ee | Gx’, 0, £, G(x, t, x’, 0) dx’ , 


RS 
since the integrals along RP and SQ on the basis of the requirement C are 
equal to zero. 

Further, if we apply formula (6-3.13’) to the region ARSB and to the 
continuous solution w(§, 7) = G(x, t,¢,7) of equation M=0 in this region, we 
obtain 


COs ea = | G(x, t. x’, G(x", 0, £, 2) dx’, 
Ss 


R 
since the integrals over BS and AR are equal to zero. By comparing the 
last two formulas we obtain 


G(x, t, 3, 7) => G(x, t, or =) . 


This equation shows that G as a function of x, ¢ possesses a singularity 
characteristic of the Green’s function for ¢=7 and x= &. 

Furthermore, we recognize from this formula that G for f=<- and x #é 
is equal to zero, satisfies the equation LZ =O in the interior of APQB and 
vanishes on AP and BQ. Because of these properties, G is called Green’s 
function for the heat-conduction equation for region APQB. 

From our reasoning we arrive at the following conclusion. Every solution 
of the heat-conduction equation can be represented by Eq. (6-3.13) by means 
of the corresponding Green’s function. 
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If the tnhomogeneous equation Lare- fix, ft is given, then in formula 
(6 3.13) we must add to the right side the following term 


| [ors Le.cfls.cdid-. 


2. Solution of the boundary-value problem 


Formula (6 3.13) obtained above gives the solution of the boundary-value 
problem for a bounded interval with time dependent end points. Tf the end 
points of the segment AB are independent of ¢, then the curves Al? and BF 
reduce to two straight-line elements paralle] to the f-axis. The region S in 
this case, therefore, has the form of a rectangle whose sides are parallel to 
the axis of the coordinates. From the general formula (6 3.11) and by passage 
to the limit, we can now obtain the Poisson formula for the solution of the 
heat-conduction equation with prescribed initial conditions on the infinite 
straight line. 

We assume that in the part of the region which is bounded by the two 
characteristics f= 0 and ¢ 6 (hese pass through the points A and /¢) the 
Inequalities 


ou 


“2 Kr2 
wx, be < N and Gp Oe aN. (A) 


an 


are satisfied for the functions w# and a,; thus let A.» 0 and N > 0 be fixed 
constants. We then replace the segment BQ (Figure 86) by the straight-line 





FIG. 86 


element x — 7. Let 2 be a positive number which we shall later increase 
without limit. Thus we arrive at formula (6-3.9) which we write in the form 


tx S:2/4a2ct a 


¢ ji i 2 Ou Tee ae | 
u(x,t) = | (ET) dS t+ a det E, t) —— dT | . 
) \ 2V mat = tT) | \ ) 06 (s Pe = T) | 


We shall now show that, as /-» co, the expression 


c xb esate r (2) _ re ©) xt - / Ja 
ng 2/4 2048 5 aS fsa ae Ce a 


t ofan eo ers é peek amie Coe bth 
ay ee a ——— Iz —- (i, Uerfj(foow—wnrccs———- = I la Ld. 
| - ( =e 12 zat — 7) , \, ) 2 2aet — 7) — 7) ib te 


approaches zero. 
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For large values of / the estimate 


2 
Na Kt2~ 11216026) | dt 


~ 2V xa? 
holds for x < J//2 and (¢— +) <6. Obviously, as /— oo, |/,| approaches zero, 
since N is a fixed number while 6 can be chosen arbitrarily small. In par- 
ticular, we find that 


7, 


IA 


wWVti—z 


1 
16a°6 ° 
Correspondingly, we prove |/,|;-—»>0 as /—> oo. If for the function u(x, ¢) and 
its partial derivative dz/dx, the inequality (A) is also satisfied for negative x, 
then for A# we can choose the straight segment x = —/. By repeating the 
above reasoning, we find that the integral over PA in formula (6-3.9) ap- 
proaches zero by passage to the limit. Hence, we arrive at the Poisson 
formula’® (Section 3-3) 


Ke< 





too y~ ix 617/407 


1 ere 
u(x, t) = OV nae \ , 0) dé . 


If we consider a one-sided unbounded region and assume that for Green’s 
function G(x, t, €,7) the inequality (A) is satisfied, then by analogous reason- 
ing we obtain 


oo 


(E)G(x, t, é, 0) d= 
A 


dG 
ae 


u(x,t) = — | a’ te(r) 
PA 0é é 


(6-3.14) 





ac + | 


x 


where 
nt) = u(xa, tf) and v(x) = w(x, 0). 
Green’s function for the one-sided unbounded straight line x =0 can be 
constructed by means of the reflection method. It is equal to 


‘ 1 ee ar ee 
(CLC PT ee a a ea 


2 xa*(t — 7) 


since it is representable in the form (6-3.12), satisfies the heat-conduction 
equation with respect to the variables x, ¢, and is equal to 0 for x= 0: 


GO0,4,é6,7)=0. 


, 


Now we calculate 


AG _—.- x eats 
Of eno )«©=— AV ze lat — 2)” 


By substitution of these values into Eq. (6-3.14) we obtain the formula 


ig 8)2 492 ine t)2 492 pote. 
u(x, t) —_ le (x-$)47402t e (z~€)“/4a Ved) dt 


1 (" 1 
2/2 \o Vat 


2 
! ax 


1 
* oye \ aaa 


16 This cannot be considered as a derivation of the Poisson formula since the derivation 
of formula (6-3.9) is based on the Poisson formula. 


en raeit—n 2) dz ; (6-3.15) 
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which defines the function z(x, 7) satisfying the equation 


1 Sa tis. 3 O<x<o, ¢t>0) 
and the conditions 
u(x, 0) = cCxr), 


(O< * < 0), 
(0, t) = u(t) , 


3. Green's function for an interval 


The solution of the heat-conduction equation in a bounded interval 0 < x < / 
is given by formula (6-3.11). If the ares PA and BQ are replaced by the 
corresponding straight-line segments and the origin is placed at the point A, 
then this formula assumes the form 








ux, th=a | 


Ae 
0 OF 


t 
ude | GR Oe de: 
0 








Here 
m(t) = uO, t), ft) = Uh Ds e(x) = u(x. 0). 


Green's function G(x, ¢, £,7) for an interval can be obtained with the help of 
the reflection method. Here we assume that the positive sources are at the 
points 22/-+£ and the negative sources at the points 27/—¢:. Then the 
desired Green’s function can be represented by 


S (Gio onl b= Gh ol Ses (6-3.16) 


u(x, t) = 
where 


l atx-é 2sta2stac 
G(x, t, ¢,2) = <= ee : 
‘ 21/ zat — =) 
is Green's function of the unbounded straight line. 
It is easy to confirm that the series converges and that the boundary 
conditions 


G yw» =90 and Gl,-=0 
are Satisfied. 
In Section 3-2 another form of Green’s function was given, that is, the 
representation 


G(x, t, &, 7) = 


So nemtx2lerattenr) _-. MIL. TN, = 
SG wae a aaa SxsinaT 3 ; (6-3.17) 
=1 
We shall now prove the equivalence of the two representations. 

Formula (6-3.17) can be interpreted as the Fourier expansion of G(x, t. §.) 


in terms of sine functions in the interval (0, /): 


n 


ue 
l 


CORRES = > G,(x, t, 2) sin as (6-3.18) 


For the Fourier coefficients G, of the function G defined by the series 
(6-3.16) we obtain 
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. TH 
“a G(x, t, &, tT) sin p E dé 


n=—oo 


At G(x, t, Qnl + £152) sin" 8 dé 


a G(x, t, 2nl = ES T) sin 6, 2 dah . 


Now if we introduce new integration variables 
€’=2nul+ 4, and &" = 2nl —&,, 
we obtain 


2 
G,=—> 
l 


ant l 


oo ‘On+1el ; . THe) j 
y {| Go(x, t, € ,7) sin = €' dé 
n=- 


am TH att yet 
+| G(x, t, 7) sin -$ dé \. 


(Qn--1\l 


From this it follows that 


fee 
G, = : te Gi(x, t. €, 2) sin 2 ¢ dé 


ep ] 
2 hie ] = eofi24a2it vloe a ole 
=— — —Edé. 
] |" OV nal — 2). Se 
Then if we set 
Et 
~ 2VaXt — 7)’ 
we obtain 
dé 
AE aoe, 
« 2V art — 7) 


sin a =: sin a + 2Y att — t) 2) 


= sin x cos ] Ne Vat — zi, 





+o 
Gx Bain the [et cat Vai 
+ = cos Tale" sin @(t—cids. 


The second integral is equal to zero since the integrand is an odd function 
with respect to the origin. 
The first integral is a special case of the integral 
Te Har? os 3 
Ka, )= | é cos fidi, 


which was calculated in Section 3-3 and is equal to 


a i /2 ae 
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In our case, 
vet, oe Vato) 
holds, so that 
= Vz —(a2n2l2ya2it ec) 
l= —9 % 


and 
Cus 2 tetntd erie) ee ie 
I I 
If we introduce this expression for the Fourier coefficients G, into formula 
(6-3.18), then we obtain the second representation (6-3.17) of Green's func- 
tion directly. Therefore, the equivalence of both representations (6-3.16) and 
(6-3.17) is proved. 


6-4. HEAT POTENTIALS 


1. Properties of heat potentials of single and double layers 


As we have seen, the solution of the heat-conduction equation can be 
represented in the form 


wx, t= | Gout dé — | Gotu dé + | Gou dé 
AB AP BQ 


4 
Ou oe 

+ a'| (GSE ) dz. 
BQ4PA OS Os 


We now turn to the investigation of the individual summands of this sum 
and show first that these individual summands satisfy the heat-conduction 
equation. The first summand is a Poisson integral and therefore, as already 
proved, satisfies the heat-conduction equation. 

In order to investigate the other summands, we next prove that for in- 
terior points of the region mee the ak 











et he Cages veal Is — Seeger 7) dz, 
(§ = nls), 
' AG 1 x — y(t —~fx-yy71]?/4a2(t-—- 
WSO aaa Se | a ge mites) de 


satisfies the heat-conduction equation. 

The derivatives of these functions with respect to the parameters x and 
ft can be calculated by differentiation under the integral signs for x # y,(t), 
since the integrands and their partial derivatives with respect to x and ¢ are 
continuous. For ¢--»>: and x # y,(t) the integrands approach zero exponentially. 
For example, 


i 1 -(x- (2)? /4a2(t—2) 
(x,t, Cie ee Ye ES Oe m4 ra =0Q0. 
Gol xX. bs Yale)» m)ee) emt RD) ns Vata) € pz) a 
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The differentiation with respect to the parameters x, ¢ is, therefore, related 
to the function G, which is itself a solution of the heat-conduction equation. 
The remaining summands are treated analogously. 

Now we consider the behavior of the functions V and W on the curve 
AP (x = 7,(t)). Obviously, the integral V is continuous for a passage of the 
points (x, f) through the curve AP, since this integral converges uniformly 
(see Section 4-5). On the other hand, as we shall prove at once, W undergoes 
a jump by passage through the curve AP, that is, 


W  r=z, Wr 40 = Wh e=y, tt + Xt), 
W r=y, (1-0 = Wirex — fat) . 
We carry out the proof for this by assuming the differentiability of y,(t) and 


pt). 
First, we consider W for constant density st) = suo: 








1 © x — alt) —~Ce-y ste )2/4a2tt—r) 
W(x, t) = —| ST a a ea to dz 
( ) 2a = Ne Go 2)? {to 
and besides, the integral 
ae 1 ¢ 2yi(t) —[x-x,(r))2/4a2t—r) 
Vx, t = =| ——— @ rh [ie any) dt 
ae Var Vit * s 


is continuous, on the basis of the above statement, at the points of the arc 
AP. 


For the difference W° — V° we then obtain 








0 r70 l 8 Ltevyytri}2jda2ut-2) | X — alt 2c 
Wx, t) — V(x, t) = aT |, Leryn} Fess = ED |p as 
= 2 “0 -a? x — x1(2) 
is ved see (« - 2V ra _ = ) 
with 
= +c for x> yz,(t), 
a =0 for x=y(t) =x, 
@=—o for x < x(t). 


By passage to the limit as x > x 4+.0, we obtain 


[Wx +0, t) — W(x, 2) — [Vivo £0, £) — Vix, £)] 





VME eater 
ae e* da = ck flo - 
ae 0 


Because of the continuity of V, there holds 
Vixo + 0,t)— Vio, t)=0. 
Thus 
W(xo +0, t) = W"(x0,t) © po - 
If (tf) is not constant, then 


Wx, t) = W(x, t) — p(x, t) 
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with 





a“ t 

x — y(t) -~fx-y,(r)]2/4a21e 1 

(a1 | aa ee? R UNE SA Kt) — plr)| de. 
ETE ary 1, la(t — 3) |” NE 

Since (f) is assumed to be differentiable, this integral possesses the same 

singularity as V for r= ¢; it converges uniformly and is a continuous function 

on AP. Consequently, the limit value of W(x, £) is equal to 


Wx +0, t) = Wx, f) + re 


as x-» x, + 0, which was to be proved. 
We can easily sec that the partial derivative 0V/dx, like W(x, 6), is dis- 
continuous for x =x). This derivative is equal to 





oV ae 1 ae a x(t) —[x- yy (ri ]2/4a2tt-7) 
axis Da x 2 ie — rye oN 
and equals — W(x, t) with density 
v(t) 
j=—~—.. 
HE) 5 
Hence, it follows that 
SY +0,t) = Teo i : we, 
where the integral 
aV 1 al xy raga ) Lxp xytrrj2ssa2it 
—— ; t ee ES 041 tka 
(tof) = By =i (an) e u(t) & 


is equal to half the sum of the right and left-sided derivatives of V at the 
point x9: 


aV 
alee (xo + 0, £) + ce 0, | . 
We must still point out that V(x, é) itself does not possess a derivative at the 
point Xp. 

Thus, we conclude the investigation of the potential along AP. The 
properties of the potential along BQ are completely analogous. 


2. Solution of boundary-value problems 


The heat potential represents a suitable analytic means for the solution 
of boundary-value problems. 

We begin, with the first boundary-value problem for the one-sided bounded 
region x = x(f): 

Determine the solution of the equation 


w= aus, for x= yz (t),t2 bo, 


which satisfies the conditions 
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WX, toy OX). BP 7ilo) » 
wyi(L), ft) = feat). t > to. 


Without loss of generality we can assume that ¢(x:- 0. Therefore, if we 
form the difference between u(x,t) and an arbitrary solution of the heat- 
conduction equation v(x, ¢) which satisfies the same initial condition, we obtain 
a new function for which ¢(x) = 0, while the boundary values are as before. 

Under the assumption that the reduction to the homogeneous initial con- 
dition ¢(x) = 0 has already been accomplished, we represent the solution in 
the form 

1 
2a’ 
he oe \ Kyl) ce eyy eehpaa2it - 
~~ 4 = Jola’t — 2)? 
This function satisfies the equation for x > 7,(f), 1s bounded at infinity, and 
satisfies the homogeneous initial condition for an arbitrary choice of jf). 
For x = y,(¢) it is discontinuous and its limit value for x = x,(¢) -+- 0 must be 
equal to 4(f): 


'0Go 
Fey 


0 UF 





wx, ft): Wx, t) = | (x, t. e(cd, cic) de 


“Tile)dz. 


iat) 1 | Li yale) orn! rd eytatie + Jz) de = pkt:. 


20 4 = Jola(t -- zr)” 
This expression is a Volterra integral equation of the second kind for the 
determination of the function (>) which defines the solution u(x, ¢). The 
existence of a solution follows from the general theory when x = y,(¢) is a 
differentiable function. 
This equation is especially simple when the boundary of the region under 
consideration is independent of time: y,(f)= 4%). In this case, the integral 
occurring in the equation is equal to zero, and there remains 


Att) = 2a’ s(t) ' 


so that the desired solution then has the form 


1. ie he 
u(x,t) = 2 | i a a Go coe 


2a = Jolt — ry? 


We have already encountered this formula twice before (see Sections 3-3 and 
6-3.3). However, here it provides the proof that this function indeed satisfies 
the differential equation and the auxiliary conditions. 

The second and third boundary-value problems are solved analogously by 
means of the potential. We shall now consider the boundary-value problem 
for a bounded region for which the auxiliary conditions have the form 


u(x, 0) = cx) , (0) < x < x2(0), 
w(yi(t), 2) = att), yet). 2) = pelt), (f > 0). 


We assume that this problem has already been reduced to the corresponding 
problem with homogeneous initial values (¢(v) = 0). We can then represent 
the solution in the form 
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AE 


0 OS 





u(x, t) = = (W, + W,) = | (4, tf, yo), Tyas de 





ta 
+ | LEE a eRe ATIC 
0 OS 

This function already satisfies the differential equation and the homogeneous 
initial condition as well as the functions 4,(t) and 2,(¢) selected. It is dis- 
continuous for x = y(t) and x= y,(t). Its limit value for x = 7,(f) +0 and 
x= y(t) 0 must be equal to s,(f) and ¢(¢). These considerations lead to 
the system of integral equations 














it (t) 1 f (t r tT) - (ts (or. a rhe 
TURE Ware nO 
1 f = Te b-yol rt)? /4a =-c)— 
+ vr | at sae e Cxylti-xglsJPsaa2it lac) ies r(2) 
7 0 —“t 
ft) ] : (t on a -fyott) x) irit2sda2-taci 
eras WF wi - ire ea eae ee 








1 : xot i X(T) -[xolti—ygit)2/da2.t—cr) = 
oe i “So a eee ak a(t) dt = p(t) , 
4// - | (ar(t = 2)? Heol ) fol ) 


a system of two Volterra integral equations which indeed possesses a solution. 


Problems 


1. Let a sphere of radius Ry be filled with a gas of concentration w at the 
initial moment. Let the concentration be equal to zero outside of the sphere. 
Find that function 2 which describes the diffusion process of the gases into 
the unbounded space. Solve the same problem for the half-space in the 
presence of a gas-permeable wall z= 0. 

2. Treat the problem of heating a sphere of radius ), if the initial tempera- 
ture is equal to zero, while the surface of the sphere maintains a constant 
temperature Zo. 

3. Determine the temperature of a sphere on whose surface a heat exchange 
occurs with the environment. Let the temperature of the environment be 
equal to zero and the initial temperature of the sphere be equal to uo. 

4. Let a homogeneous fixed body be bounded by two concentric spheres with 
radii a@ and 2a. Let the interior surface of the body be heat-insulated, while 
a heat exchange with the environment occurs on the exterior surface. Let 
the temperature of the environment be equal to zero. Find the temperature 
distribution in the body at time ¢, when the initial temperature of the body 
is equal to a. 

5. Derive the diffusion equation for a medium which moves with constant 
velocity. Give an expression for Green’s function in an unbounded space. 

6. Consider a stationary diffusion process in a moving medium, where the 
velocity is regarded as constant and the diffusion along the direction of motion 
of the body can be neglected. Find Green’s function for the half-space under 
the assumption that the plane z= 0 is impermeable to gas. 
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7. Construct Green’s function for the layer which is bounded by the planes 
z=0 and z=J, as well as Green’s function for a wedge with aperture angle 
a/n (2 iS an integer) with homogeneous boundary conditions. Investigate the 
solution. 

8. Construct Green’s function for a momentary heat source of intensity Q 
which is distributed uniformly on the surface of a sphere of radius a. 

9. Solve the problem of the heating of an infinitely long cylinder whose 
initial temperature is equal to zero, while the surface maintains a constant 
temperature. With the use of tables for Bessel functions, determine the 
temperature profile (select ten points on the radius) and the average tempera- 
ture of the cross section for large time. Gtve the corresponding graphical 
representations. 

10. Investigate the magnetizing of an infinitely long cylinder by a constant 
magnetic field which is parallel to the axis of the cylinder. With the use of 
tables for the Bessel functions, calculate the magnitude of the induction cur- 
rent through the cylinder cross section. 

11. Construct Green’s function for an infinite cylindrical region of arbitrary 
cross section with boundary conditions of the first kind. Consider the special 
case of a circular cross section. /dint: Represent the solution in the form 


u(M, z, t) = 5 uy(2, t),(M) ’ 
nod 


where ¢,(M) are the eigenfunctions of the cylindrical cross section. 


6-5. APPLICATIONS OF CHAPTER 6 


1. Diffusion of a cloud 


In the following section we shall investigate the diffusion of a gas cloud 
after it is released by the explosion of a grenade. 

In the explosion of a grenade a fixed amount Q@ of smoke occurs which 
propagates to all sides and leads to the formation of a cloud. The cloud in- 
creases initially, then clears on the boundaries, its darker opaque part decreas- 
ing until the entire cloud has cleared; it then begins to disintegrate and 
finally disappears entirely. This form is especially discernible on clear days 
when the blue sky ts present as a background. 

The process of the propagation of a smoke cloud can be treated as the 
diffusion of smoke from an instantaneous point source of intensity Q itn an 
unbounded space. Such a diffusion process is not of molecular, but rather of 
turbulent character; it corresponds to a certain effective coefficient D of a 
turbulent diffusion. We shall disregard the initial propagation of the smoke. 
Furthermore, we can disregard the almost entirely unessential influence of 
the earth. With these assumptions, the concentration of the smoke is given 
by 


3 
u(x, y, 2; t) = (sm) ere raB ssDe ; (D = a’) . 


if the origin of coordinates is set at the place of the explosion of the grenade. 
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We shall now examine the question of the visibility of the cloud. The 
time duration during which the cloud is completely disintegrated depends on 
the absorption of light in the atmosphere and on the sensitivity of the apparatus 
of observation (the eyes, photographic plates, etc.). 

As is known, the intensity of light which passes through a homogeneous 
layer of gas is approximately equal to 

enh ae 
when J, is the initial intensity of the light, @ is the coefficient of absorption, 
and / is the thickness of the layer. The absorption coefficient a is proportional 
to the concentration of the absorbed gases, i.e., @ = dott, @ = const, where z 
is the concentration of the gases. 

If two layers of thickness /, and /7,, respectively, exist with different gas 
concentrations z, and #2, we obtain 


ral lio- l - Uy+ugly) 
l= he *0MI' Ip aove2'2 — Jie aout ura) 


Thus it is evident that the intensity of light which passes through a cloud 
whose smoke concentration changes continuously obeys the formula 


T = Ine 70\"#! . 


The visibility of the cloud is determined by the ratio J/J, which depends on 
§u dl. 

Let 6 be the sensitivity limit of the observing apparatus; then the cloud 
is visible for 





I—-TI I 4 
<6 i —>l- 
A or ra 0 
and is completely opaque for 
I,—I 
>1-—64 : —<od 
i ne? 
If 
O6< af <l—6, 


the cloud appears partially transparent to the observer. The degree of trans- 
parency depends on the magnitude of the ratio 


that is, on the value of the integral §z di. 

Now we place the z-axis in the direction of sight and assume that the 
observer is at infinity. In so doing, the cloud is projected on the x, y-plane. 
For an estimation of the visibility of different cloud particles which correspond 
to the points (x, y), we calculate 


oo 2 pe 
\" dl = |" ey. z,t)dz=Q (=m) eens As 


= ] : =(22, y2i sa Dt 
+ °(a7em) ‘ 
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If the amount of smoke in the direction of sight is small 


fudi< 


em) 


then //, > 1—6 and the corresponding cloud particles are completely trans- 
parent. By contrast, if the amount of smoke in the direction of observation 
is large 


[ual C24 


M4 


then //l, < e7=6 holds, that is, for a corresponding choice of J = In//s, the 
corresponding particles are completely opaque. For 


the condition 


2 
—p2 4 Dt 


an \ dl=6 or 000 (— =) c 


defines the limit of visibility outside of which the cloud is invisible. The 
radius of the cloud is obviously equal to 


ad (=x? + y’) 


ngs I 647 Dt 
p \ Det \n rae 


(Figure 87). For small ¢ values the radius p of the cloud is small. It increases 





p 
Ym 
0 to h 
FIG, 87 
with ¢. For 
ad 
t = o— a. upee 
4zeiD 


assumes the maximum 





Emax = 2 Dts = jae iu 


xed 
for ¢ > fo, » is smaller; and for 


fat Qa 


i= ‘ 
64x D 


it is equal to zero (the cloud has disappeared). 
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By recording the disintegration of the cloud, the coefficient D of turbulent 
diffusion in the free atmosphere can be determined (for example, from the 
formula for ¢; or for ¢o). 


2. The demagnetization of cylinders 


We shall treat the problem of demagnetization of a cylinder wound with 
wire. This problem arises in connection with the theory of ballistic galvano- 
meter.'® 

By switching a magnetic field on or off, an induction current is produced 
in the cylinder covering. For an accurate treatment of this problem we must 
naturally consider the reverse action of this current on the field inside the 
cylinder. Ordinarily, however, this inhibiting action of the covering is not 
considered and the problem is solved under simplified boundary conditions. 

Above all, we shall limit ourselves to this simple representation of the 
problem. Moreover, we consider an infinitely long cylinder of radius R, about 
whose surface is wound a conducting wire. The cylinder is found in a homo- 
geneous magnetic field H,, which is parallel to the axis of the cylinder. The 
axis of the cylinder coincides with the z-axis. At time ¢=0, the field is 
disconnected. 

Obviously, the equation 

SH=- an , =I (6-5.1) 


a 





holds in the interior of the cylinder. Here 


2 a 


Arps * 





a 


Because of the axial symmetry of the field, we have 
Hyd A) 5 


so that Eq. (6-5.1) assumes the form 








n2 “ mI 
PH 1 OH L aH (6-5.1’) 
OY vr oor a at 


If the influence of the induction current produced in the covering by the 
demagnetization of the cylinder is neglected, then the boundary condition on 
the surface of the cylinder takes the form 


ACR, t)=0, ({ > 0). (6-5.2) 


The solution of Eq. (6-5.1’) with the boundary condition (6-5.2) is obtained 

by separation of variables: 
es = 211 =(ng /Ri2a2e ( 5) 6-5.3 
INIT egg Ry a 


) 


Here /, and /, are Bessel functions of zero and first order, and me is the 


16 B.A. Vvedenskii, Zhurnal Russkovo fiziko-khimicheskovo obshchestva 55, 1, 1923. 
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kth root of the equation 
Joli) = 0. (6-5.4) 


Since a’ is very small, then for sufficiently large ¢, we can limit ourselves 
to the first term in formula (6-5.3): 


H(r, t) = 1.60- Hye VP, 24 +) (6-5.5) 
From this we obtain for the flux of induction 


x 4 —pite2sR21 
Pt) = 2x| vH(r, ir dr = ia ; (6-5.6) 
0 


where @ is the initial flux (at ¢ = 0). 

Formula (6-5.6) is used for practical calculations of measurements by 
means of a ballistic galvanometer. 

For the determination of the region of applicability of (6-5.6) we have to 
solve the problem described above without neglecting the induction current 
arising in the covering on the magnetic field. 

The electromotive force in the covering, as is known, is equal to 


Bia = $ Eid. 
L 


By using the second Maxwell equation and Eq. (6-5.1), the line integral 
can be transformed as follows: 


Ewa = | |rot.eds = — | [Sas = — =| |aHas =—7= oF ay 
S C ds ot 4zo s 4z0 L Ov 
or 
cR dH(kR) 
u= a 6-5.7 
eis 2a dv ( ) 


Here S is the cross section of the cylinder, ZL is the bounding curve, and » 
is the normal to L. 
The boundary condition on the surface of the cylinder reads 


29 


H,, — H. Ly oF 
c 


where / is the induction current in the covering and # is the number of 
windings per unit of length. By using H,, = 0 and 

Fina 

ol 

(9 is the linear resistance of the windings: / is the length of a winding), we 
obtain 


J= 


4n 1 Etna 


H, =H R,)=—) (6-5.8) 
c pl 


By comparison of expressions (6-5.7) and (6-5.8), we arrive finally at the 
boundary condition 
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H(R, t) + HR, t) = 0. 
pa 


Therefore, the following equation 


Hedy, (6-5.9) 
r a 


with the auxiliary conditions 
Hr, 0) = Ah, 
HR, t) + aH(R,t)=0, (« = =.) 
pa 
is to be solved. We try to determine the solution by separation of variables 
and therefore set 
Hr, tj) = X(T . 
The functions X(*) and T(t) satisfy 


xia ty a azyno, (6-5.10) 
Y 


X(R) + aX(R)=0, (X00) < &), 
T' +¥aT=0, (6-5.11) 


respectively, where 4° is the separation parameter. 
From (6-5.11) we immediately find 


Tiee 


Particular solutions of Eq. (6-5.10) are J,(Ar) and N,(4r) (see Appendix); 
however, only Jo(4,) is bounded for r=0. Thus 


Xr) = AfiAr). 
The boundary condition for r= R for the determination of the eigenvalues 
yields the equation 
; da] AR 
JiR) + eae =0 
or 
Jy) — By/(y) = 9, 


where 


f= yo=AaR. (6-5.12) 


a 
R ’ 
The roots of this equation can be determined either graphically or by 
expansion of the Bessel function in powers of y= 2R. 
Now let y, be the roots of (6-5.12) so that 
An ve . 


R 


The general solution of our problem then assumes the form 
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Hr, t) > Aido( seq) uae (6-5.13 


The coefficients A, can be calculated from the initial condition 


ILC ard ee 
(' Jo (rs Vy dr vel Jol ve) + JtC yn] 


The members of the series (6-5.13) decrease very rapidly since @ = ¢ dave 
is large (~ 10° to 10"').. Therefore, we can limit ourselves to the first term 


with sufficient accuracy: 


A k 


r 
2Hadht vedo 3 =| 
vilJo( v1) fs Jit) 


This result leads to the following expression for the flux of induction: 


Hert) A ae (6 5.15) 


(20. Ais) Qe, (6-5.16) 
yilJo( yi) + SiC y1) 


Here 
My, = NHorR’ , 
if N denotes the total number of windings. 


Numerical calculation leads to the following formula for the flux of induc- 
tion for different values of the parameter 8: 


0.8040 .¢°°" for 3=0.1 
(1) = 0.8720,¢ °°" for 8 = 0.2, d= 


0.9120,c°°*" for §=0.3, 


These formulas permit us to follow the inhibiting action of the current in- 
duced in the winding on the fading of the field in thts cylinder. As 3 
increases, that is, as the current in the covering increases, the rate of decrease 
of flux is small. For 3=0, expression (6-5.6) is obtained for the flux of 
induction. Therefore, this ts the zeroth order approximation. 

In the theory of ballistic galvanometers we must know the time < in 
which the flux of induction ®, decreases to values determined by the sensi- 
tivity of the galvanometer which characterizes the inertia of the instrument. 
Let 7 be the relative sensitivity of the galvanometer, that is, the galvanometer 
can register only the value ®@>7@,. Then = can be easily determined by 
setting ® = 7@, at time f=+7 in 


Ot) = ade”. 


By comparing the solution (6-5.16) with the approximate solution | 6-5.6%, 
we see that the cocficient in formula (6-5.6) is larger. This indicates a larger 
value for the sensitivity of the instrument for one and the same value of <. 
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The following table contains the values of = for different 5, in particular 
for7=0 anda 10>, 


R a?/ R? 2(,5 = 0) (53 —0.1) 5 20.2) <(35 0.3) 
Iron 
p = 500 lcm 1.59 0.71 0.888 1.15 1.28 
o = 105(1/n cm) 
Alfesi!? 
p = 2000 lcm 5.12 0.217 0.272 0.330 0.405 
g = 1.3- 105 


3. The difference method for the heat-conduction equation 


For the determination of the approximate solutions of the heat-conduction 
equation, we often use the difference method. In the following discussion, 
we shall treat the first boundary problem of the heat-conduction equation. 


Bu ge TH (Oe Bech Tee early 6-5,17 
ot Ox 
ux,0) = Eon), 6 5.18. 
w(O, t) = pales, 
Wl, t) = poll: . 6-35.19) 


In order to convert the differential equation (6-5.17: into a system of difference 
equations, we first divide the interval |0,/, by the points 


: l i 
m=O, x, =th, ..., 4,=1, (nao fed, n) 
n 
into # equal subintervals. We then replace the differential quotients with 
respect to x by two difference quotients. so that we obtain the system of 
difference equations 


oh ~ gh tint ++ ae — 2u; 6547 
ux(0) = o(xi) , (6-5.18") 
Uolt) = pa(t) s 
Un(t) = pelt) (6~5.19’) 


for the functions w,(f). This is a system of #— 1 ordinary differential equa- 
tions of the first order for the determination of the 2 — 1 functions u;. The 
solution of this system is uniquely determined by the initial conditions. 

Now if we solve the system (6-5.17') to (6-5.19’) numerically by any 
method, we then have a system of functions w,/f) which can be regarded as 
the approximate value of the function w(x, ¢t), that is, the solution of the heat- 
conduction equation at the points x;. Not only the approximate value of the 


17 Aluminum-Iron-Silicon alloy. 
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function a(x, /) at the points x 4 x,, but also the approximate value of the 
derivatives can be calculated by interpolation. 

In order to justify our method, we must show that the functions 4,(/) 
approximate the value of the function w(x,/) with arbitrary accuracy for 
sufficiently small h. 


Theorem. The solution of the first boundary-value problem of the heat-con- 
duction equation, with continuous initial and boundary conditions (@(O) = 44(9), 
g(l) — ye(0)) can be approximated with arbitrary accuracy by solving the system 
(6-5.17"); that is, for any ¢ > 0, there can be determined an A(e) such that for 
all ¢ 

jx, fy - u(b| <e, 
provided we choose h < h() in system (6 5.17’), 

First we prove several lemmas: 


Lemma I. VF the function u(x, 4) is a solution of the first boundary-value 
problem of the heat-conduction equation, which including its second derivative 
is continuous with respect to x in the closed region O< x </, O4¢< 7, then 
the functions w,(f)  u(x,;, ) satisfies the system of equations 


dit; 2 say -f- bg... 2it, 
——————— _.. a —————— 
dt ht 


Ilere, the Qi(f) are uniformly bounded by a number Q)(k), where Qh) ap- 
proaches zero as h-> 0, 


— Qh). (6-5.20) 


Proof. To prove the lemma we put mx, f) into the system (6-5.17’), 
By using the equations 
2 


Miri) lay +e Ay t) 25 ey, 2+ dey, t) + T tal 4+ Oh, 4), OsA<s1), 


2 
Walt) — uy — Nt) = xy fF) hax; 2) + Teale -—Oit), OS J) 
and also Iq. (6-5.17), we then obtain 
2 
Qi(f) oS Flea | Oh, t) 4- Nel X; = Ooh, t) — Qua Xs t)] . (6 5.21) 


Since the region under consideration is closed, the uniform continuity of 
(x, ¢f) In this region follows from the continuity of vax, O, that is, for any 
y > 0, there exists an Jy) such that 


ft (X + Oh, A) - waxy Al <<» 
holds for arbitrary x and ¢. From this, however, 
AMD, << Qo a’y 
follows for dt < hQ?), whereby the lemma is proved. 
Note. Tf the function a(x, 4) has four continuous derivatives, then 


2p 
Qo 4 ~ UN , (G 5.22) 
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holds, where U'¥ is the maximum of w#'*(x, ¢) in the regionOsx</,0S?tST. 
This result follows from the equations 
h? h* 
ux; + h, t) = U(X; t) + hudx, t) + “Masi t) + gy essa t) 
hi 
+ ges + Oh, t),; 


3 


2 
u(x; — h, t) = w(x;, t) — hula, D+ Ft ti, t)-— tal t) 


| eee 
+ aye am 62h, t) . 


Lemma 2. The minimum of the solution of the system of equations 
dw: _ 2 tisk + wi, — 20; 
dt h 


cannot be smaller than the minimum of the initial value or the minimum of 
the functions zv,(¢) and w(t). 


= Q.(t) for Q(t) 20 (6-5.23) 


Proof. The minimum of the set of functions w,(t) for 7 = 7 must be attained 

for t= to (to > 0), that is, 10;(t) = Wi,(to). 
We consider the equation for w;, at f= to. Obviously, 

dwi, < 

dt t=tg = 

holds (the ‘‘<’’ sign can only hold for t) = 7), and 

ge tiot! + Wig-1 — 

h? 


This conclusion, however, is a contradiction, in the case Q;,(fo) > 0. However, 
if Q,,(fo) = 0, then 20; ,41(o) = wi,-r(to) = 2i,(to)- 

If we continue this argument for i,+1 and so forth, we arrive at a 
contradiction when Qi+K(to) is positive for one k. If, however, 


Qi s+k(to) =0, 


then we would necessarily have 


2Wi, >0 


Wi g(to) = Wigri(lo) = +++ = Wiyru(to) = +++ = Wallo) » 
from which it would follow that the minimum of the set of functions w,(?) 
@—=1,...,2—1) cannot be smaller than the minimum of the function w,(é). 


A corresponding lemma holds for the maximum of the solution of the system 
(6-5.23) when 


Q)s0. 
Conclusion 1. If the set of functions {#;(/)} (@ = 1,...,%— 1) satisfies the 
system of equations 
dv; 20i01 + 0i-1 — 
——-a 


2: 5 
a i “= Ot), 
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and the set of functions {of} (@ = 1,...,2—1) satisfies the system of equa- 
tions 





dd; 20ia1 + Ui-y — 20; A 
-—_ Cr SO it 7 
dt I (,/t) 
where 
Qi < Ot. Ait) S Ht). Balt) SGACt), 5,0) < 5,0) 


holds, then 
v(t) S v(t), (@=1,2,...,n—-1). 

The proof of this follows directly from Lemma 2, when it is applied directly 
to the functions w(t) = @,(t) — vift). 

Conclusion 2. The solution of the homogeneous system (6-5.23) satisfies 
the condition 

wih| <e, 
provided 
w(0) <e, w(t) <<« and aw,lt) <e. 

This assertion also results directly from Lemma 2. 


Lemma 3. lf the function «x,t, is a solution of the first boundary-value 
problem of the heat-conduction equation, which including its second derivative 
with respect to x is continuous in the closed region OS x</,05?¢S T, then 
it can be approximated for sufficiently small # with arbitrary accuracy by the 
solution of the system of difference equations (6-5.17'.. 


Proof. For the proof we consider the difference of the functions @;ft) = u(x, ¢) 
and ut: 
Rout wat 


These functions satisfy the system of equations 


di; etyey + Oy) — QE; 

— a  —*FO 
dt h? @ 
r;0 =O Bit) =O, rft)= 0, 


where 


Qit SQdIhk. (Ofh +0 


h 
We shall prove that 
rit <= Qut. (@=1,2,...,2-1 
To do so we consider the system of auxiliary functions 
rie — Qt for alls: O1,...,4a. 


This system satisfies the equations 


dt; oly + t " 
= a ee 0 
dt he 0 
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with the auxiliary conditions 
v(0)=0, dt) =Qol, vt) = Qol . 
On the basis of Conclusion 1 of Lemma 2, the relation 
di(t) S V(t) = Qot 


holds. Correspondingly, by consideration of the system of functions —?,(0), 
we obtain 


v(t) = — IC) = — Qe. 
Hence it follows that 


lviCh)| S Qt, @=1,2,...,.n—-)), (6-5.24) 
where 
Q(h)-0 for h-O, 


thus proving Lemma 3. 
We shall now list several properties of the solution of the heat-conduction 
equation which will be of use in the following discussion. 


Lemma 4. If the function w(x,?) is a solution of the first boundary-value 
problem of the heat-conduction equation where the initial function g(x) in- 
cluding its derivatives up to the second order are continuous in the interval 
O0=<xsJ, and if the boundary values s,(f) and ;(¢) including its derivatives 
of the first order are continuous and satisfy the transition conditions 


20) = 40), ep) = 720), pO) =O), (1) = pad) . 


Then the function u(x, ¢) possesses a continuous second derivative with respect 
to x in the closed region 0S x</,0St<T. 

We consider a function z,(x, t) which satisfies the heat-conduction equation 
and the auxiliary conditions 


a(“,0)=a’o'(x), 200,0=ynt), ad, é) = p(t), 





and we form the function 


2(x, t) = o(x%) + | 2 t) dr. 
0 


The initial and boundary values of the function so formed are then 
a(x, 0) = g(x), 
20, = (0) + nile) de = pull), (910) = (0) 
al, t) = pelt) . 


On the basis of 


~ 


2 = 2,(x, ft), 
at 
02, 


A 
at 


2 
tz, 


0 ax? 


a2 
oZz 


ox ce | 





(x, tT) dz = salt f) y 





l 1 ¢ 
(x, 0) dz = —p2,(x, 0) + =| 
a a 3o 
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we recognize that the function zx.f, for ¢ > 0 satisfies the heat-conduction 
equation. Consequently, 


2(x,t) = ulx,t), 


whereby the continuity of the function w(x, f) and its derivatives up to and 
including the second order is demonstrated. 

Conclusion. The solution of the first boundary-value problem for the heat- 
conduction equation can be approximated for sufficiently small hk by the solu- 
tion of the above system of difference equations with arbitrary accuracy. In 
this case it is assumed that the initial function ¢(x) including its second 
derivative, and the boundary value together with its first derivative are 
continuous, and the transition conditions are satisfied. 

We turn now to the proof of our principle theorem. Here it is sufficient 
to show that the additional differentiability requirements on the functions 
g(x, gy(£), and jtoff) in the previous conclusion of Lemma 4 are superfluous. 
We consider the function u(x, 7) which is a solution of the following first 
boundary-value problem with continuous initial! and boundary conditions: 


ot, OF Ses W/O, t) = path), wll, t) = pelt) 
(¢(0) = yf). ge (L) = ff 0)) . 
Furthermore, we consider arbitrary functions @(x), A,(t), and f(t) with the 
following properties: The function ¢(x) and its first two derivatives are 
continuous, while 4,(¢) and f.(¢) and their first derivatives are continuous and 
satisfy the transition conditions 
Q(0) = A,(0) , PU) = Ai2(0), 
G'"(0) = flO), B""(L) = An(0) . 


Finally, these functions are to approximate the initial and boundary values 
of our function so that simultaneously 


eee £ 
1O(x) — ¢(x)| < 3° 
(A(t) — aD) < oe 
|folt) — peolt)| < = 


hold.’® 
Let “x, ¢t) be the solution of the corresponding boundary-value problem. 
On the basis of the principle of maximum, we have 


: E 

f(x, 1) ~ u(x,t) < —. 

3 

18 Such functions can be constructed in many ways. For example, they can be 


obtained so that g(x), yti(é), pa(t) can be replaced by linear segments; and these change 
at the corner points so that the differentiability and transition conditions are satisfied. 
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Correspondingly, because of the principle of maximum for the difference 
system (Conclusion 2, Lemma 2) the inequality 


a(t) — us(t)| < = 


holds, where #;(¢) and 2,(¢) are the solutions of the corresponding difference 
system with the auxiliary conditions 

a(0) = Q(x;) , fig(t) = Att) , Aint) = fill). 

wi(0) = g(x) 5 ito(t) = pul) , lt) = p(t) . 
Because of the conclusion from Lemma 4, the expression 


|A(x, t) — Ax(Z)| < 3 


holds when /: is chosen sufficiently small [see formula (6-5.18)|, and hence 


€ 
< aa tear 
Qo 37 
From the inequalities obtained, we therefore find 
|u(x, t) — w;(f)| S lee(x, t) — f(x, 2D| + [Ay, 1) -— 4(t)| + |4(t) -— uid] <e, 


whereby our theorem is proved. 
Now, in the system of equations (6-5.17') we replace the derivatives with 
respect to ¢ by the differences 
wt — ud 
k 
where k= dt and ui = u(x;,¢;). Then we obtain the system of difference 
equations 





f4) . 2 . . . k 
we — at = ya(uden + uj_y — 2u?), (7 ae ) 





(§=1.2-..0-13 (20 iawbNad’. N= r) 


or 
wi) = (1 = 2a®y)d + a? y(ui31 + ud), (6-5.17'’) 


with the auxiliary conditions 
us = ¢(Xi) , Wa = pult;) , i = feol;) (6-5.18"") 


If 7 < 1/2a’, then all coefficients in Eq. (6-5.17"’) are positive, and for the 
difference system, the principle of maximum is valid. 

Specifically, if we assume that 130"! is the maximum of the solution 
(0 < ig < mi jo > 0) and recall that all the coeflicients of Eq. (6-5.17’) are 
positive and that their sum is always equal to one, we can then conclude 


that Eq. (6-5.17’) can hold only if the relations 


jot! — . 30 _. ,,d0  — 5,J0'! 
Go = i) = Uw = MIB v 


are satisfied. 
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If we continue this argument, we arrive at the conclusion that the 
maximum must be assumed either for 7 =0, for i=. 2, or for j = 0, 

By repeating the above arguments for the difference system 6-3.17°.. we 
are easily convinced that the solution of the difference systems 65.17" 
approximates the solution of the boundary-value problem for the heat-conduc- 
tion equation with arbitrary accuracy. 

The difference system (6-5.17’’) arises in the numerical integration by 
means of Euler’s method from the difference system 6-5.17''. If we use 
another method for the numerical integration. we obtain another type of 
difference svstem which corresponds to the heat-conduction equation. 

Approximate solutions of the heat-conduction equation can also be ob- 
tained by replacing only the derivative with respect to ¢ by differences: the 
determination of the approximate solution leads to solving the boundary-value 
problem 

we es — wx) od ut ix) 
SS 
k dx* 
or 


205-1 ie . 
ditt ~ Aa gee —a <i 


dx? k 


2 
a 





with the auxiliary conditions 
u(x) = CUO (0) = falt;) » wd = fo! t;)"° ; 


Until now the solution of the homogeneous heat-conduction equation with 
constant coefficients has been considered. The inhomogeneous equation as 
well as linear equations of the parabolic type with variable coefficients are 
treated in a completely analogous way if the coefficients are assumed to be 
continuous and differentiable with respect to ¢.°’ The differentiabiltty with 
respect to ¢ is necessary if we wish to establish an analog to Lemma 4. If 
the coefficients of the equation depend only on x, the proof remains un- 
changed, 


19 Details of the solution of the heat-conduction equation according to this scheme 
are found in V.1I. Smirnov, Textbook of Higher Mathematics, Part IV, VEB Deutscher 
Verlag der Wissenschaften, Berlin, 1958. 

20 Here it is assumed that the corresponding boundary-value problem for continuous 
initial and boundary conditions is solvable. 


7 


ELLIPTIC DIFFERENTIAL EQUATIONS (CONTINUED) 


7-1. SOME FUNDAMENTAL PROBLEMS WHICH LEAD TO THE 
DIFFERENTIAL EQUATION 4vu+cv 0 
1. Forced vibrations 


Many problems which are related to forced vibrations (mechanical, acous- 
tic, electromagnetic vibrations, etc.) lead to the so-called vibration equation 


du+kv=0, (RP =c>0). (f-1:2) 


We consider as an example a membrane S$ which is fixed along its boundary 
C and vibrates under the influence of a time periodic force. The correspond- 
ing differential equation has the form 


Jit = =i —F (x, y) cos wt . (7-1.2) 


For the investigation of periodic processes we use suitable complex functions 
in which we replace Eq. (7-1.2) by the equation 
dou = ma —Fy(x, ye . (7-1.3) 


Obviously # is then the real part of the function # in (7-1.3). 
We shall now seek the forced vibrations given by 


L=ve (7-1.4) 


For the amplitude v of these forced vibrations we obtain the equation 
Jou + k’v = —Fi(x, y), (2 a ) , (7-1.5) 


to which we add the boundary conditions 
vlo=O. (7-1.6) 


If the boundary C is not fixed, but undergoes periodic vibrations with the 
same frequency 


ileafie", (7-1.6’) 


then the function v must satisfy the inhomogeneous boundary condition 


465 
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Vvlc=hfo 7(-1.6"’) 
on C. 

As discussed above, the problems of forced vibrations are characteristic 
both for accoustics as well as for the theory of electromagnetic fields. More- 
over, problems of forced vibrations often occur in inhomogeneous media in 
particular, and sometimes in piecewise homogeneous media (for example, in 
a space in which subdomains of a different nature exist). 

To this same category of questions belong the problems of diffraction 
theory; we shall treat them further below. 


2. Diffusion of gases with decomposition phenomena and with 
chain reactions 


The diffusion of certain gases (radium emanation, for example) is accom- 
panied by a decomposition of molecules of the diffusing gases. The decom- 
position velocity is usually assumed to be proportional to the concentration 
of the gases; in the diffusion equation it is equivalent to the appearance of 
negative gas sources. In the case of a stationary diffusion process, the follow- 
ing equation holds: 


Ddv + cv=:0, (¢ <0). (7-1.7) 


Here D denotes the diffusion coefficient. As was noted in Section 6-3.3, the 
case c > 0 is of special interest. This case corresponds to a diffusion process 
with a chain reaction which leads to an increase of the diffusing particles. 
In the stationary case we therefore obtain the equation 


dJu+cvu=0, (c>09), 


since the chain reaction is equivalent to the existence of sources of the diffus- 
ing substances whose numbers are proportional to the concentration v(x, y, z). 


3. Diffusion in a moving medium 


In Chapter 4 we treated the problem of the diffusion of gases in a fixed 
medium. Here we shall consider the diffusion of a gas in a given stationary 
stream whose velocity at the point M(x, y, z) has components 4,(x, y, z), Go(X, ¥, 2), 
03(x, y,z). The amount of gas which passes the surface element dv at the point 
M(x, y,2) is equal to 


aQ = — Dngrad uds + undo , 


where w(x, y,z) is the concentration of the gases (given per units of volume), 
nis the unit normal vector at the element ds, D is the diffusion coefficient 
at the point (x, v,z), and €(x, y, z) is the velocity vector of the stream. 


On the basis of the law of conservation of mass, we obtain 
| [- Dngradu+ uwOn)ds -0. 


for a fixed region of space 7 with boundary Y. By means of the Gauss- 
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Ostrogradski formula these surface integrals can be transformed into volume 
integrals; thus we obtain 


| [div (D grad 1) — div (u8)) dr = 0. 
T 


Since 7 is arbitrary, we obtain the diffusion equation in the given stream 


div (D grad u) — div (wt) = 0, (7-1.8) 
or in scalar form 


2 (pe) ée (ps) zs = (De) He Go 2 Gey 2 Ge) HO: GAR) 
Ox \ ax oy ay 02 02 ax oy 0z 

From this differential equation we are also led to the problem of heat 
propagation in a moving medium. 

Now let us consider the following example: 

In the half-space z 20 let an air stream with constant velocity mu be given. 
The stream has the direction of the x-axis. If we take the diffusion coeffi- 
cients to be constant, then from Eq. (7-1.8) we obtain the equation 


7 
ou 
D4du — tyo—- = 0. 


Ox 
Now if we set 
“w= ve 
and choose 
ig 
i= 
f 2D , 
we obtain the equation 
dv +cv=0 
for the function y(x, y,z), where 
2 
2to 
c=-—<0 
4D 


4. Formulation of the interior boundary-value problems for the 
equation Jv + cu =0 


As we showed in Chapter 1 in the investigation of the canonical forms 
of partial differential equations with constant coefficients, every elliptic dif- 
ferential equation with constant coefficients can be brought to the form 


jJut+te=0. (7-1.9) 


The properties of the solutions of Eq. (7-1.9) essentially depend on the 
signs of the coefficient c. This fact is immediately clear from a physical stand- 
point if we interpret the equation somewhat as we do a diffusion equation. 

We next consider the equation of the uniqueness of the solution of the 
first boundary-value problem for Eq. (7-1.9). For Eq. (7.19) in the case c < 0, 
the principle of the maximum reads: 
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A solution v(M) of the equation 
dv+tecv=0 (¢ <0), 


which is defined in the interior of a fixed region T with the boundary Y, can 
assume neither a positive maximum nor a negative minimum value in the 
interior points of T. 

If we assume that at a fixed point M in T the function v(M) has a posi- 
tive maximum [v(M,) > 0], then at the point M, we have 











and consequently Jv <0, in contradiction to the fact that the coefficient c is 
negative and v(M,) is positive.” 

The principle of the maximuin automatically leads to the uniqueness of 
the solution of the first boundary-value problem for Eq. (7-1.9). 

There can exist only one solution of the equation 


Jvutev=0, (¢ <0), 


which is defined and continuous in the closed region 7+ ¥ and on the bound- 
ary XS assumes the prescribed value 


vlis=f. 


Therefore, if we assume the existence of two different solutions v, and v2, 
consider their difference v, — v2, and carry out the arguments described above 
(see Chapters 3 and 4), then we obtain from this assumption a contradiction 
to the principle of the maximum. 

For c=0, we obtain the first boundary-value problem for the Laplace 
differential equation whose uniqueness has already been established. 

If c > 0, then the problem need not be uniquely solvable. In Chapter 5 
we considered the eigenvalue problems 


Jvu+iv=0, vis=0. 


By examples, we recognized the existence of nontrivial solutions (eigenfunc- 
tions) for 4>0. Obviously the question of the ambiguous or unique solv- 
ability of the first boundary-value problem is equivalent to the question of 
whether or not ¢ coincides with one of the eigenvalues /, of the region 7 
considered. 


7-2. GREEN’S FUNCTIONS 
1. Green’s function 


The theory of the potential developed itn Chapter 4 for the Laplace dif- 
ferential equation can be extended to the Eq. (7 1.9:. For the construction 
of Green’s function we consider a solution 7, dependent only on ry. In polar 


21 Compare this with the proof of the principle of the maximum for the heat-conduc- 
tion equation. 
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coordinates the Laplace differential equation for the function u(r) reads 


1 d (7H) = 1 d(rvo) 








y dr dr r adr 
This equation leads to the ordinary differential equation 
DW 6 pie (Ww = Ur) 
dy’ aro rey 
With the notation c= k* for c > 0 or c= —’ for c < 0, we obtain 
d’w 
if? +kw=0, (e>0), (7-2.1) 
d’w his tenn t 
5 —kw=0, (¢c<0). (7-2.1°) 
dr 
From Eq. (7-2.1) we find 
w= Ce" + Ce, (7-2.2) 


and, correspondingly, 
ikr -tkr 


vy = Co Ce 








(7-2.3) 


For real k we have two linearly independent solutions e“’/r and e~“’/r, which 
correspond to real linearly independent solutions (cos kr)/r and (sin kr)/r. For 





c <0 (c = —«’), we obtain from (7-2.1’) the two linearly independent solutions 
— and &, (@>0). (7-2.4) 


The functions 
tikr ter 


, (¢>0) and —, (c < 0) 








for y= 0 are discontinuous and approach infinity at »=0 like l/r. A singu- 
larity of such a character is possessed by Green's function of the Laplace 
differential equation (¢ = 0), which is proportional to l/r. 

We shall investigate the behavior of this function at infinity. The case 
c <0 corresponds to a process accompanied by absorption [compare with 
the diffusion equation (7-1.6)}]. The solution e-*’/y at infinity tends towards 
zero exponentially, which in the terminology of diffusion processes denotes 
a decrease in the concentration because of absorption. The larger the co- 
efficient |c| =x’ which characterizes the absorption intensity, the stronger 
the decrease. The second solution at infinity increases exponentially and for 
problems in unbounded space has no physical significance (it can be inter- 
preted in terms of sources existing at infinity). 

The case c=’ > 0 corresponds to forced wave processes (see Section 
7-1.1). The function v represents the amplitude of the function 


uM, t) = v(M)e™ , 


which satisfies the vibration equation (Section 7-1). 
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One of the principal solutions of Eq. (7-2.1), 
~tkr 


v7) = , 
7 





corresponds to the vibration process 
ilwt-kr 


u(r, £) = 


This solution has the character of a spherical wave which proceeds from the 
source at the point y=0. The second solution 


tkr 





v(n = = 


corresponds to the vibration process 


ilwt—-kr) 
é 
u(r, t) = ——— , 
7 


which has the character of a spherical wave proceeding from infinity to the 
point x =0. Obviously this solution has no direct physical significance for 
processes which are produced by point sources in unbounded space. 

We still note that the function v(M) can be regarded as the amplitude of 
a vibration of the type e’’ or e*’'. We choose the time factor e’. If we 
choose e”**‘, then the divergent waves take the form 


-ilwt-kr} 


U7, t) = a 


that is, this form corresponds to the second solution 


ikr 





Vo(r) = c 


The first solution 
-tkr 


v7) = ‘ 
7 





therefore, has no physical significance. 


2. Integral representation of the solution 


For Eq. (7-1.1) in case ¢ #0 we can give formulas which correspond to 
Green’s formula for the Laplace differential equation. If we introduce the 
relation 


Lad) = Juteu, (7-2.5) 
then we obtain directly the formula 
| (uL(v) — vL(u)) dz = | (we — a) do (7-2.6) 
1 y\ ov ov 


as an analog and direct sequence of Green’s formula (see Section 4-2). In the 
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last formula, in place of v, we introduce one of the Green’s functions, for 
example, e“/y. By a verbatim argument from Section 4-2, we arrive at the 
following analog of Green’s fundamental formula: 


u(My) = — Ee na (2 ) eg do sy 
4z)y| du\ r r av 











, oe (7-2.7) 
+ =| f(M)— dey, (y = Yuso) > 
4x T 7 
where w(M) is a solution of the inhomogeneous equation L/n)= fi). 
For c = k’ we obtain the formula 
a -ikr ikr ow tkr 
u(My) = — | Z(e ) = a | da + =| #(M) —— dew. (1-2.7) 
4z Jy| av r r av 42 J+ Y 


which we derived in Chapter 5 as a consequence of the Kirchhoff wave 
formula. 

We now introduce the concept of Green’s function of the equation L(u) = 0 
for a given region T with boundary Y. Let v(M) be a regular solution of 
the equation L(v) = 0 everywhere in JT. Then from formula (7-2.6) we find 


0=- | (we - vat) da + | JU dR: (7-2.8) 
= Ov T 


By comparing Eq. (7-2.8) with Eq. (7-2.7), we obtain 


u(M,) = — | Ent + v) — (G+ a dos 


av \4zr ov 





(7-2.9) 





=F | & + v) SM) dim, (4% = Fun) - 
T 4zr 

This formula holds for each regular solution v(M) of the equation Jy — x°v =0 

in 7. Since v can be chosen arbitrarily, then the following necessarily holds: 


dG(M)M ) Bese 
Tea OO 


WY 


wM,) = — | u(M) 


| G(M,,M)f(M)dey (72.10) 
‘ 


Here 


-«r 


G(M,, M) = ee +0 (7-2.11) 





is the Green’s function with the following properties: 

1. G(M,™M,) for M=M, is infinite like 1/(4zr), which follows from 
formula (7-2.11). 

2. G(M, M,) satisfies the equation L(w)=0 everywhere in 7 except at 
the point M), 

3. G(P, M,) =0 for a point P which lies on the boundary 2. 

The question of the existence of Green’s function is related to the ques- 
tion of whether a function » exists which satisfies the equation 


Lv)=0 in T 
and the boundary condition 
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cr 





Mo on 2». 


der 
Obviously the function GCM, M,) is uniquely defined for each region which 
allows the unique solvability of the first boundary-value problem. In parti- 
cular, this function is defined for c=: — x’ <0 for each region. In the simplest 
case, a direct representation of Green's function can be given. Tor this we 
use methods which are analogous to the method of images in electrostatics.” 
Thus, for example, Green's funetion for the half-space z > 0 has the form 





y er , ry 
G(M, M,) = 2~— — £—., 
( 0) 4rr Nzr, 
r= rum = VO — mY + (y — Yo 2 — 2), (7 2,12) 


Y= Yum = V(x — Xo)* + Cy — yo)? + (2 + 20), 


where A1,(x9, vo, —20) is the image of the point Mo(x, vo, 2) in the plane z- 0. 

At the moment we shall not go into the question of the applicability of 
the above formulas for an unbounded region. We can easily establish it 
in the case ¢ <0. In the case ¢ > 0, however, the problem for an unbounded 
space is related to the ‘radiation principle.’’ Therefore, we shall concern 
ourselves with it in the following paragraphs. 

For Green’s function G(M, M,) which is defined for an arbitrary region 7, 
the reciprocity principle expressed by the equation 


G(M, My) = G(Mo, M) 


holds. The proof is a verbatim repetition of the corresponding proofs for the 
case of the Laplace differential equation (Section 4-2), 
For two independent variables the equation for the function vo(7) has the 








form 
=o (rH) oe h? v9 — 
yr dr\ ar 
and 
GN kU pty 0, 
dr yr dr 


that is, the form of the Bessel equation of zeroth order, whose general solu- 
tion can be written as follows (see Appendix): 


volt) = CHa (Rr) + Cad (RY - 


Here [$'(kr) and I73?'(kr) are Hankel functions of the zeroth order of first 
and second kind. 


The functions 1/(}"' 


(kr) and H?'(kr) for r= 0 have a logarithmic singularity: 


Usp) =—- Sin tye, 
x ? 
oF 
Hee clase ea +, (9=kr); 
nw e 


22 In the case of the sphere the method of electrostatic images for ¢:40 is not ap- 
plicable. 
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the dots denote the members which remain finite for o — 0. At infinity (for 
p » oo) the behavior of the Hankel functions ts characterized by the asympto- 
lic representations 


Sp) = feet Rhee: 


ze 


7 ae 
Hi?'(o) a7 26 sip on/ay [ewe 
Vip 
the dots here denote those members which are smaller than I/p and of higher 
order. 
Consequently, the equation du | kv 0 possesses two fundamental solutions 


115''(kr) 


Ug (1) . HS (kr) 


which have a logarithmic singularity and correspond to the functions e"/y 
and ¢ “/y in three-dimensional space. 

The choice of the fundamental solutions depends on the form of the radia- 
tion condition at infinity (see Section 7-3.4). Ifa time dependence in the form 
eis assumed, then the function //}"'(kr) defines a divergent cylindrical wave. 
If we assume a time dependence ¢ *', on the other hand, the divergent wave 


is defined by the function 1/)''(kr). 





Ife =—-x** <0, then the linearly independent solutions of the equation 
d us +f as do 2a “1 () 
dy rod 


are the cylindrical functions with complex arguments 
[yer) and ivj(wr). 
The function /,(kr) for r 0 is bounded and for x-- o increases expo- 


nentially; the function Ay(«r) at the point 7 -- 0 has the logarithmic singularity 


x | 
Kop) = In 4 
? 
and is therefore the fundamental solution sought. At infinity it) behaves ac- 
cording to 


Koo) = 5¢ mo 


We shall not continue our discussion of Green's formula and the concept 
of the Green’s function G for the case of two independent variables, as we 
would merely be repeating previous discussions. 


3. Potentials 


In Chapter 4, we considered the potential for the equation daw = 0. Such 
potentials can also be given for the equation du -- «74 = 0. 


474 ELLIPTIC DIFFERENTIAL EQUATIONS (CONTINUED) 


The volume potential (for the equation Ju —«’%—=0) is denoted by an 
integral of the form 
e dzp ’ 
E (7-2.13) 
r=rup=V(x—EF + (y — 7 + (2-0: drp = dé dr dl , 





VM) = | oP) 
T 


where o(P) is the density of the potential. 

We now formulate the principal properties of volume potentials. The 
proof of these properties is analogous to the proofs in Chapter 4. 

1. Exterior to the region 7, the function V(M) satisfies the equation 


AV—rV=0. 


2. Interior to the region 7, the integral (7-2.13) converges. Moreover, 
the integral which is obtained by formal differentiation of W() under the 
integral sign also converges: 


-—£<r 


| plE, 9, on || dé dn dt, ete. 
T Ox r 

3. The function V(x, v, 2) is differentiable and its derivatives can be ob- 
tained by differentiation under the integral sign: 


aV 


Ox 


e* 
r 





Loe 
=| een 02 |< ]asdzat. ete 

T Ox 

For the proof of the differentiability of V(x, y, z) it is sufficient to assume 
the boundedness of the function p(M). From this condition follows, in par- 
ticular, the differentiability of V(/) at the points of the boundary of T, 
in which p(M) is naturally discontinuous. 

4. At all interior points of the region T in whose neighborhood the density 
pUM) is differentiable, the potential V(/Z) has second derivatives and the 
equation 

4V—*V= —4z0(M) 
holds. 

5. Under the assumption of the uniform boundedness of p(M), the first 
derivatives of the spatial potential are represented by uniformly convergent 
integrals. Thus the first derivatives in the entire space, including the points 
of the boundary ¥, are continuous functions. 

With the help of the spatial potentials the solution of the boundary-value 
problem for the inhomogeneous equation Ju — «1 = —f can be represented 
in the form 


uM) = V(M) + u(M), 


where V(M) is the spatial potential with the density p = f (4x), and m(.\/) is 
the solution of the boundary-value problem for the homogeneous equation 
Ju, — eu, = 0. 

We shall now go briefly into the properties of the potential of a single 
and double layer. The potential of a double layer is defined by the integral 
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wom) =| P32 (S| dor, r= PP), (7-2.14) 
£ Oup | + 
in which »(P) is the surface density of the potential W(M). 

In regard to the properties of the potential of a double layer, we recall 
those enumerated in Section 4-5: 

1. Exterior to the surface ¥, the potential of a double layer everywhere 
satisfies the homogeneous equation JW — c°W =0. 

2. The potential of a double layer converges at the points of the bound- 
ary if S belongs to the class of Liapunoff surfaces. 

3. The function W(M) is discontinuous at points of the surface 2; there, 
the following relations hold: 


W (Mo) = WM.) + 2zp(Mp) 
W4(M,) = W(M,) — 2zu(M_) . 
Here W,(M,) denotes the limit value of W(M) when M approaches M, from 
the interior of the region T, and W,(M,) is the limit value of W(M) when M 
approaches M, from the exterior. 
The potential of a single layer defined as a surface integral 





ViM) = oP) on dies AES ES) (7-2.15) 


possesses the following properties: 

1. Exterior to the surface 3, the potential of a single layer everywhere 
satisfies the homogeneous equation JV — n°V = 0. 

2. The integral converges uniformly on 5 and defines a function V(M), 
which is continuous in the entire space. 

3. The normal derivative of the potential of a single layer in the case 
of a Liapunoff surface satisfies the relations [see formulas (4-5.48)] 


Ca) 
Ov vi 


(>) 250, De. 
A 


Ov 


(2), ans (2) 
Ov T dv A 


denote the limit values of the normal derivative by approaching a point M 
of the surface 5 from the interior (respectively, exterior to the surface 2; 
v is the exterior normal), and 


l 


Vo zn 2z0(M) , 


Here 





-kr 


UM) =| oP) S|] dor, (r= ragp)- 


With the help of the surface potentials it is possible for a reasonably ex- 
tensive class of surfaces (for example, for Liapunoff surfaces) to cast boundary- 
value problems in terms of integral equations. Here we consider the first 
interior boundary-value problem for the equation Ju — «’4 = 0 with the boundary 
condition «|: = f, and we assume that the desired solution can be represented 
as a potential of a double layer: 


476 ELLIPTIC DIFFERENTIAL EQUATIONS (CONTINUED) 








uM) = WIM) = | uP) E |aen (7-2.14) 
Z 


a 
Ovp 
This function, as was explained above, satisfies the homogeneous equation 
du--n’4=0 in T. If we now require that the boundary condition u|s= f 
be satisfied, then for the determination of the function “(M) we arrive at the 
integral equation 





OnjM ) + | uP) || dop = f(M). 
I Ovp Yr 
This equation represents a linear Fredholm integral equation of the second 
kind. We shall not go into the question of the existence and the uniqueness 
of the solution of this integral equation. 
As with the Laplace differential equation, the difference method is appli- 
cable for the equation 4u — x’u = 0. 


7-3. PROBLEMS FOR AN UNBOUNDED REGION: RADIATION 
PRINCIPLE 
1. The equation 4v + cv = —f in an unbounded space 


Now we turn to the solution of the equation 
4v+cv=—-—f (7-3.1) 


in an unbounded space. For simplicity we assume f to be different from 0 
only in a fixed bounded region. The character of the solution of this equation 
depends essentially on the sign of the coefficient c. 

Next we consider the case c=’ <0. The solution of the equation 


4v—xnv=—f 


can be represented in the form of spatial potentials 


~~ 


nM) = | f(P)2 dtp and nM) = | fC) 
T T 4zr 


4ny 





Therefore the solution of Eq. (7-3.1) without auxiliary conditions at infinity 
cannot be uniquely determined. [By analogy with exterior problems for the 
Laplace differential equation, we seek those solutions of Eq. (7-3.1) which are 
equal to zero at infinity. This requirement is sufficient for v,(M), but not 
for v.fM). 

We prove the following uniqueness theorem: 
Theorem. The equation 

4v—Kv=—f 

can possess at the most one solution which is equal to zero at infinity.” 

23 By the phrase ‘'a function is equal to zero at infinity’’ we understand the follow- 
ing: For cach ¢ > 0, there exists an r(e) such that for an arbitrary point M(r, 0, ¢) with 


r-r(e) the inequality |u(M)| <. always holds, that is, u(M) for r—+co approaches zero 
uniformly. 
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If we assume that there exist two different solutions 7(M) and v(M), then 
we can consider their difference 2«=v—-—v. By assumption there exists a 
point M, such that w(M,)= A # 0. 

We set A >0. Because w(M)—>0 for M— co, an R, can be found such 
that w< A/2 holds for ry > R,. From this it follows that the point M, lies 
within a sphere Tx, with radius R, and that the function «(//) assumes its 
maximum within Tp,. However, this contradicts the principle of the maximum 
which, as is well known, is valid for our equation (See Section 7-2.1). The 
uniqueness theorem is thus proved. We proceed analogously in the case 
A<0. 

Now we consider the case c=k* > 0. The functions 
ik 


_ etkr : - e r 7 
MMS | fate andr = | fF) — dep 





are again solutions of Eq. (7-3.1). In this case, however, both functions vanish 
at infinity. Therefore it is necessary to introduce additional conditions at 
infinity by which the solution of Eq. (7-3.1) may be uniquely determined. 
For the rest of this chapter we shall concern ourselves with these conditions. 


2. The principle of limiting absorption’ 


Problems of forced vibrations with decreasing amplitude lead to the 
equation 


du = pa + (tte = FM, by; (5 > 0) . (7-3.2) 


We shall assume F(M,?#) to be a time periodic function; that is, let 
F(M, t) = f(M)e'*'. In this case Eq. (7-3.2) has periodic solutions of the form 


uM, t)=v(M)e. (72358) 
The function v(M) inust, obviously, satisfy the equation 
juv+cvu=—f(M). (7-3.4) 


Here c = k’ — ifw is a complex quantity. 

Equation (7-3.4) together with the complex valued coefficient c is denoted 
as an equation with complex absorption of the first kind when the imaginary 
part of c is smaller than zero (Jc <0), and it is regarded as an equation 
with complex absorption of the second kind when it is larger than zero 
(Imc > 0). The first kind corresponds to the time dependence e*’, the second 
kind to the e**‘. 

The fundamental solutions of this equation depend now only on r and 
have the form 


—igr igr 


-. € 
and Vol) oe ’ 
a 








U(r) = 


+ Editor’s note: A very general treatment of this principle is given by D.M. Eidus. 
See New York Univ. Research Report No. #M-191, Courant Institute of Mathematical 
Sciences, Div. of EM Research, Aug. 1963 (Trans. by C.L. Hill). 
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where 
_ ; w\? ., 
q= \ oe i350 


SRY 522 2 . bt + 52,2 — p2 : 
= |! k tote ape ee 4 ao fps 


(7-3.5) 


The sign of the root is chosen so that g, > 0. Consequently, we have 
igor eis" 


e8  Pry = a 








t(r) = e 


At infinity, of course, only the function #(r) is bounded; the function v,(7) 
increases without bound for r-—» oo, so that it has no direct physical signi- 
ficance. 

The volume potential 


nM) =| f(P\— eden, Evan (7-3.6) 
: 





igor 
4zr 
represents the single solution of Eq. (7-3.4) which is equal to zero at infinity. 
The limiting value of 0(M) for 3-0 is equal to 


t 


e 


v(M) = lim o(M) = | f(P) 
6-0 T 





-tkr 
Sy ees (r= ur), 

mr 
since qy—k and q,-»0 as 5-0. For the chosen time dependence e“', go > 0, 
since the sign of q) is related to the sign of g, by means of the relation 
24091 = Bw (we have q’ =). 

If we take the dependence of the time factor in the form e*' (Ime > 0), 
then a negative gq) corresponds to the positive value of qg, and the limit value 
of.g) as B-»0 is equal to —k. 

To characterize a solution of 


Jvu+ku=—f 
we therefore must require, in addition, that v(M) be a limit value of a bounded 


solution of the vibration equation with complex absorption of the first kind, 
when the imaginary part of the absorption coefficient approaches zero.” 


3. The principle of limiting amplitude’ 


For the investigation of forced vibrations induced by periodic forces, we 
often consider, in particular, the vibration equation 
Ju +kvu=—f (7-3:7) 
(see Section 7-1.1). 
We consider the wave equation whose right-hand side is periodic 


1 < x to 
Ju-—sun=—-F, (F= fe). (7-3.8) 
a 
24 See A.G. Sveshnikov, ‘‘Radiation Principles,’’ Doklady 73, 5, 1950. 


t Editor’s note: See D.M. Eidus, loc. cit., the treatment is based on the methods 
of functional analysis (see also references contained therein). 
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In order to determine the solution we must still add initial conditions to the 
equations, for example, the homogeneous conditions 


wM,0)=0, u(M,0)=0. (7-3.9) 


The function «(M, ¢) in the initial stage of the process would not be rigorously 
periodic. However, in the course of time, the system carries out periodic 
vibrations with the frequency of the acting force, that is, the solution 2(M, f) 
takes the form 


u(M, t) = v(M)e™ . (7-3.10) 
Here v(M) represents the limit amplitude of the vibration, that is, 

v(M) = lim ue*’’, 
and v(M) satisfies the vibration equation 


ee pees (e=+). 
a 

The requirement that v(M) be the limit amplitude of vibration for homo- 
geneous initial conditions therefore represents an additional condition which 
guarantees the unique solvability of the vibration equation. 

Thus we arrive at the following problem: 

Determine the solution of the vibration equation dv + k’v = —f which is 
the limit amplitude for the solution of the wave equation 


Hise =a = —f(M)ei* (7-3.8') 


with the initial conditions 
uM,0)=0, uw(M,0)=0. (7-3.9) 


We shall give an explicit representation for the limit amplitude. For this 
purpose we first determine the solution of the wave equation (7-3.8’) with 
homogeneous initial conditions by using the formula obtained in Chapter 5 
(see Section 5-2.6): 


iwtt-r/a) 
uM, t) =7| eo dtp, (r=rnmp). 
ary 


Here 72) is a sphere of radius af with center at M. 
Now let f(P) be different from zero only within a fixed bounded region 
T,. Then, for the limiting amplitude we obtain the expression 


—tkr 
viM) = tim u(M, Hei’ = lim | é f(P) dtp 
toc r} 





t—00 Az - Y 


1 ore 
= o of P) dtp, (ry = rup) . 


Tv r 





Thus the limit amplitude represents a spatial potential which is determined 
by the fundamental solution e**’/r. This fundamental solution corresponds 
to the diverging wave e''®'~*”'/r. 
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The principle of limiting amplitude thus leads to the same result mathe- 
matically as the principle of limiting absorption. This is quite understandable 
since both principles denote that fundamental solution which corresponds to 
a diverging wave. 


4. Radiation conditions 


The preceding section stated the general physical considerations which 
permitted us to find a divergent wave corresponding to the solution of the 
vibration equation. The method used, however, required the solution of 
auxiliary problems. We shall now establish an analytical condition by which 
a divergent wave is characterized. 

The plane wave propagating in the direction of the x-axis has the form 


a =s(1 = =) direct wave (propagating in the direction 
a of the positive x-axis); 

Fi =s(c se =) reverse wave (propagating in the direction 

a of the negative x-axis). 


A direct wave is characterized by the expression 


and the reverse wave by the expression” 


La SL 
Ox a ot 
For a forced vibration, 
u=ovxne™ 
These expressions assume the form 
oP + ikd =0, for the direct wave , (7-3.11) 
Ox ( Ww 
: k= = 
ov See a ; = 
ag ikv =0, for the reverse wave . (7-3.12) 
x 


We turn now to a consideration of spherical waves. If a spherical wave 
is generated by sources which are distributed in a bounded part of space, 
then the spherical wave at a sufficiently large distance from the source region 
approaches a plane wave whose amplitude decreases as 1 r. We can further 
assume that a divergent spherical wave satisfies the expression” 


LET ene oe o(—) (7-3.13) 


25 These expressions are partial differential equations of the first order whose solu- 
tions have the form of a direct or reverse wave. 

26 In the following we use the notations: O(€) is a quantity which approaches 0 to 
the same order as &; o(€) is a quantity which for ¢--0 approaches 0 with a higher order 
than € (Landau symbol). 


7-3. PROBLEMS FOR AN UNBOUNDED REGION: RADIATION PRINCIPLE 481 


The corresponding condition for a converging spherical wave reads 


ou 1 ou 1 
eee ee pees re 7-3.14 
or a at o( r ) ( ) 
For the amplitude of a forced vibration these conditions yield 
ae + tkv = o(—) for the diverging spherical wave , (7-3.15) 
2 ~ tky = o(—) for the converging spherical wave . (7-3.16) 
r 


Expressions (7-3.15) and (7-3.16) result from the assumption that, at suf- 
ficiently large distances, each sperical wave is similar to a plane wave whose 
amplitude decreases as l/r. We shall now investigate the validity of this 
assumption. 


Case 1. For the case of a point source placed at the origin of coordinates, 


the validity of our assumption can easily be recognized. The wave, indeed, 
has the form 
ilwt-kr} 


wt 


=v(ne"" , 





u(r, t) = 2 


so that 

CLS + tkv4 = o(—) 

or r 

holds. 

Case 2. The spherical wave can be generated by a point source which is 


found at a point M,. The amplitude of the spherical wave is equal to 


etka 





vo(M) = 


y 
Yo 


where 
n=aVrt+ po — 2rp. Cos 9 


is the distance between the points M and M, (Figure 88). Furthermore 


Oro r — 0, COs 9 (=) 
— ee  hv6 1G CO), 
or Yo i r 


According to Case 1 we have 
M 
My ro 


Po 


FIG. 88 
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Now we prove the validity of formula (7-3.15): 





Lv) = ae + tkvy = of -) . (7-3.15’) 
We have 
OU: 2 O05 (00st = oe (1 +0(— \\ = Vo +0(+), 
or Or, or arg OY» r 
because 





mo(t)=o(2). 
oro r r 
From this and from Case 1, we find 


Lv) = os: + ikvs +0 (+) =0(=). 


which was to be proved. 





Case 3. We now prove that the volume potential 


ett 





1M) = | SP) dep, (r= r0) (7-3.16’) 


satisfies the condition (7-3.15). Obviously, 
gk * 
toy =| p00 ( a= | po r= 2). 
T r r 


Formula (7-3.10) represents the amplitude of a diverging wave which is 
generated by sources which are distributed arbitrarily in the interior of a 
fixed bounded region 7. We saw that the function v(M) satisfies the vibra- 
tion equation 





4v + k’v = —f(M), 


and for r— oo, approaches zero as l/r. Moreover, as was shown, it satisfies 
the necessary auxiliary condition 


ue + ikv = o(- u ) 
or r 
at infinity. 


We shall now prove the following statement: 
There exists exactly one solution of the vibration equation 


Jv + kv = —f(M) 


[ /(M) is different from zero only within a fixed bounded spatial region] which 
at infinity satisfies’’ the conditions 


27, I.N. Vekua showed that the first of these two conditions is a consequence of the 
second; see I.N. Vekua, Works of the Mathematical Institute in Tiflis, Vol. 12, 1943. 
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v= o(-) , 2 + ike = o(--) (7-3.17) 
r or r 


Let us assume that two different solutions Vv; and v. exist. 
Their difference 


wW=V, — Ve 
then satisfies the homogeneous vibration equation and the conditions (7-3.17). 
Let Sp be a sphere of radius R. In the following discussion we shall let R 
become unbounded. By applying Green’s formula to the functions w(M) and 


v(M) =e '*/(4zr), for a point M, which lies in the interior of J, there results 
the expression 


~ 


wUM,) = | (ot _ we) do . 
or r 


v 


<-R 


The conditions (7-3.17) for u(r) and w(M) give 
Dy — yo vn] - tkw + o(—) | —w | tRVg + o(—) | 
or or r r 
ae as 
(;; 


o(=) do—0 for Roo, 
R \T2 


| 
Ss 
° 
om 
~ | 
NE 
| 
5 
o—™ 
x |r 
NE 
| 
° 


Thus we find 
10M) = | 


rc 


- 


Since M, is arbitrarily selected, the unique solvability of our problem follows. 
The conditions 


v=O (-) F ee + ikv = o(—-) (7-3.17) 
r or r 
are generally called the radiation conditions or the Sommerfeld conditions. 

Let us note that the radiation conditions for unbounded regions which do 
not coincide with the entire space can assume forms which differ from the 
Sommerfeld conditions. 

Conditions (7-3.17), therefore, represent the analytic form of radiation 
conditions for an unbounded space which require no physical principle for 
their support. Thus these conditions can be formulated for regions with 
complicated forms. 

The radiation conditions which result from the introduction of an in- 
finitesimally small complex absorption in the vibration equation were first 
used by W.S. Ignatowsky.” 

The principle of infinitesimally small complex absorption can be applied 
to unbounded regions of different forms and also to complicated problems. 

For plane problems which correspond to the equation 


Jou+kv=0, (7-3.18) 


28 W.S. Ignatowsky, Ann. Phys., 18, 1905. 
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the radiation conditions at infinity assume the form 


v=0 (ss) lim V7 (2 + ikv ) oe (7-3.19) 
Vr — or 
The simpliest solutions of this equation are the Hankel functions of zeroth 
order 
0 (kr) and H%3'(kr) 


(see Section A-2.3). From the asymptotic representations 


) = . 2. itkr-(x/2ly-(r/4t) ; le 
Ea fi+o(-)], 


Her) =f Beier 4 o(L)) 
azRr r 


and the recursion relations 


dH. gape. gee 
dx BAM dx 


we see that only the function H4°'(kr) satisfies the radiation condition. 

The function H(’'(kr) therefore satisfies Eq. (7-3.18) and the radiation con- 
dition (7-3.19). Moreover, Hi°'(kr) for r-0 has a logarithmic singularity. 
As we have already mentioned in Section 7-2, H4*'(kr) in the case of two 
independent variables, plays the role of a Green’s function for the vibration 
equation (7-3.18). The solution of the inhomogeneous equtaion 


= — Hy""(x) 








40+ ky = —f 
can therefore be expressed by 
v(M) = — +) | 0 (krup) f(P) dap . 
S 


Here S is the region in which the function f(M) is different from zero. 
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1. Statement of the problem 


The propagation of wave processes (electromagnetic, elastic, accoustics, 
etc.) is accompanied by an entire series of typical phenomena (diffraction, 
refraction, reflection, etc.) The solution of these problems either leads directly 
to the solution of the vibration equation in an inhomogeneous medium or has 
much in common with the solution of the equation 

“(02) + +(e) + = (#2) + pu'v=—f, (p>. (41) 
ox \" Ox oy \ ov 020 Gz 
in which p and a are parameters dependent on the properties of the media. 

The greatest interest from a physical standpoint is shown in the case of 
piecewise constant parameters p and p. The corresponding mathematical 
problems are the following: 
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In an unbounded space, consider a sequence of bounded regions 7; with 
constant parameter values fp; and p;. That part of 7, in the space which lies 
outside the region 7; is likewise homogeneous (pf) = const, 9. = const). Then, 
in the interior of each subregion 7; the vibration has the usual form 


do; + kv: = —f; in T;, G=0,1,++-,n), (7-4.2) 


where zw; is the value of the sought function w# in the interior of 7;. Further- 
more 


ole ae 
pi f pi 


in T;. On the bounding surfaces 3; of T, the differential equations are re- 
placed by the conditions” 


Vi; =v, on J; , 


7-4.3 
pape Ca: Ga Sais Oe) 
on an 
At infinity the function v, as the solution of the vibration equation 
4v + kv = —fy in To, satisfies the radiation conditions 
vo(M) = o(-) ; Vo + tkuy = o(--) ; (7-4.4) 
r or r 


Later we shall show that conditions (7-4.3) together with the radiation 
conditions (7-4.4) are adequate for a unique definition of the function v in the 
entire space. The problem formulated in this section represents the simpliest 
problem in the mathematical theory of diffraction. 


2. Uniqueness of the solutions 


It will be shown in the following discussion that the problem of the 
mathematical theory of diffraction, formulated in Section 7-4.1, possesses a 
uniquely determined solution. To simplify the proof we assume that the 
homogeneity of the medium is perturbed only by a single body 7,. This 
body will be bounded by the closed surface ¥,, and the region 7, can lie 
outside this surface. Therefore, we do not assume that 7, is a simply con- 
nected region. Thus we have 


Lemma. There exists at most one function with the following properties: 
1. It satisfies the equations 





Lo(vo) = dvo + Rove = —fo in Diss as 
L,(u) = dy, + Riv, = —fi In T, 
2. It satisfies the conditions 
=o, prot = po (7-4.3) 
Ov ov 


23 Here, for simplicity, we assume that the subregion 7; has only one boundary in 
common with the surrounding medium. 
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on the boundary J%. 
3. At infinity the radiation conditions 


(>= o(+) , 2 ikev, = o(—) (7-4.4) 
r 





r ar 
are satisfied. 


Proof. We assume that two different solutions 
D={d,, Vo} and v= {vy,, Vo} 
exist and consider their difference 


W = {W,, Wo} 5 
where 
W, =v, —-Y,, Wo = Up — Uo. 


The difference then satisfies the homogeneous equation and the auxiliary 
conditions 











Ly (wo) =0 in T» y L,(1,) =0 in T, ’ (7-4.2’) 
W,= Wy, prt =p on 5, (7-4.3') 
Gy Ov 
Wy = o(-) ; eis + thw, = o(—) for r—»oo. (7-4.4') 
r or r 


Let wo and ww; be complex functions conjugate to wy) and w,, respectively. 
Obviously these satisfy the homogeneous equations (7-4.2'), the conditions 
(7-4.3’), as well as the radiation conditions 


eee o(-) 5 en ie = o(—) (7-4.4"") 





r ar 


Now let Sp be a sphere of sufficiently large radius which contains the region 
7T,. Let Tp be the region bounded by the surfaces 3, and Jp. 

By application of Green’s formula to the functions w,, wr in the region 
T,, and to wo, wo in the region Tg, we obtain 


“ *x A 
‘ GW, aw 
| (w,L, (wr) — wi L,(w,)) dt = | (w; — — wi ) do, 
Ty 2; 








| (Wo Lo(tvg ) — wo Lo(w)) d= 
T pe 


a * A “~ * “ 
aw aw oWo * O19 
= (wot — wi BO) ao + Wy — Wy = \ do = 0. 
i, Vo Vo Ip ay ov’ 


Here », is the exterior normal to 7,, and », is the exterior normal to 7,. 
Obviously 











a ~ 





m 
OV ayy 





on X,. 
Now we multiply the first equation by p, and the second by po. By ad- 
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dition of the equations so obtained and by use of conditions (7-4.3’), we then 
find 
dwe * IW 
Wo — Wo — )do =0. 
‘R or or 
From the radiation conditions we conclude that 


~_ x in 
ae = ikwo + o(—) ( BOO = hi, & o(--) : 
or r r 


or 











With these expressions for the derivatives, we arrive at the equation 


; 4 1 1 
2ik| wats do + \.. | w0(=) — wio(=) do—0. 


The second integral approaches zero as R -» co, so that 


| wot} do = | Ris |?dO 40, Rave dO S sinb'deidey.. 745) 
=R SR 


In the Appendix [see Eq. (A-3.93)] is shown that the functions 


Vinlts 0,9) = Cm’ Ym(9, 9) » 

where 
p= fZHB alo), (o = ber) 
V xp 

and Y,,(#,9y) denote the spherical functions of the mth degree which satisfy 
the vibration equation 

Li(Vn) = 4Vn + BVm = 0 
and the radiation condition 

aVe 4 ibe = o(—-) 

or r 

Now in the region Tr we apply Green’s formula to the functions wo and Va 


and obtain 


0 = | (19LK Vn) — Vn E(t0) dt 
TR 


= | (we avs Tet oe do + | (w= — Vn) do = + Ie. 
2, OV Zp 








~ a 
Ov ov 


The second summand Ip, because of the radiation condition, approaches zero 
as R— co (see the theorem from Section 7-3.4). Since the first integral /, is 
independent of R, it follows that J; must be equal to zero. Consequently, 
Ip = 0 for arbitrary R, that is, we have 


Cm (Ror) 
dr 


With the notation 





a 
r=R or 





, | oY nl9, 0) dQ — C2 
=R 





| awe y (6, g) dQ =0. 
rik <R 
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| Wo¥ nlO, ¢) dO = Om(hor) , 


= 
4 


we can write 
Ca (RoR )am(RoR) — am(RoR)Cm (RoR) = 0. 
Hence we obtain 
On(Ror) = Anm (Ror) » 


where a, iS a constant factor. 
The completeness relation for the spherical functions 


| ' Rwy |? dQ = > Reain(hoR) (7-4.6) 


“R 
and expression (7-4.5) give 

RanlkhR)->0 for Ro. 
On the basis of the asymptotic representation 


(2) -tip-Om-=1/2)s 


1 
m (Pp) & —e 5) 
p 


the sum of the products rt,’(kor) remains larger than a fixed positive number 
for large values of 7. Consequently, dm =O, i.€., dm(r)=0. Because of the 
completeness relation (7-4.6), it follows that w» on the surface of the sphere 
£,, is equal to zero. Thus, if ¥,, with radius 7 surrounds the region 7, 
then outside of this sphere w=0. Since the solution of the equation L=0 
is analytic,*° we can conclude that w,)=0 everywhere in 7,. Furthermore, 
from conditions (7-4.3) we find that on the surface J), 


w,=0 and + =0 (7-4.7) 
ov 
holds. 
By application of Green's formula to the function zw’, in the region 7,, we 
know that at an arbitrary point M of the region T, we find 
-thyr sn , a thir 
ine i) ep (‘ )| do=0,  (7-4.8) 
4x Js, Ov, 


1 
r Oy; Yr 





where r= ryp. 
We have therefore proved that in the entire space, w(M) = 0, and by this 
the uniqueness theorem is also proved. 


3. Diffraction by a sphere 


1. A very important practical class of solutions of the wave equation 
i 
du — sy, =0 
a 


30 That the function w in the region 7, is analytic follows from formula (7-2.7’) for 
complex values , = ik and for a surface © which lies entirely in the interior of 7). 
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is formed by plane waves. By a plane wave, we mean a solution which 
depends only on a single spatial coordinate besides the time. The direction 
of propagation of the wave, therefore, coincides with this coordinate axis. 
For example, a wave propagating along the x-axis which satisfies the equation 


1 
Ubay zee = 0 , 
a 


has the form 
u(x, t) = s(1 z =) 
a 


In the case of a forced vibration which is determined by the time dependence 
through the factor e’”’, a plane wave is described by 


u(x,t) = Acie, (7-4.9) 


where k = w/a is the wave number and |A| is the amplitude. 
A plane wave which propagates in the direction I [where l (/,,1,,/,) is a 
unit vector] can be described as follows: 


U(x, ¥> 2, t) = Agtiotbatersty: ttl] 4 gilt bir) | (7-4.10) 
The functions 
v(x) = Ae, v(x, y,2)= Ae, (7-4.11) 
which are solutions of the vibration equation 
4dvt+ kv =0 (7-4.12) 


likewise are called plane waves. 

In the mathematical theory of diffraction, the excitation of a field produced 
by the insertion of inhomogeneities 7; in a homogeneous medium is investi- 
gated. Let v(M) be the field in the homogeneous medium. This is produced 
by given sources which are distributed outside of the region 7; (¢= 1, ---, 2); 
in particular, one can treat here sources which are sufficiently far from the 
observer and which lead to the occurrence of plane waves 


b(x, y, 2) = Ae tt , (7-4,13) 


The actual field v» which is present in the region 7, when inhomogenities 
exist can be represented in the form 


Vo(M) = wo(M) oF vo(M) ’ 


where 2,(M) is the ‘‘the incident wave’’ and w,(M) is the diffracted or reflected 
wave. The latter represents the excitation of the external field » produced 
by the inhomogeneities 7;. 

In the region 7, we shall investigate the ‘‘diffracted’’ field wo(M), and 
inside 7;, the field v; of the broken wave. First we give the conditions by 
which the functions wy and v; (= 1,2, +--+, 2) are determined. 

(a) The functions w, and v; satisfy the equations 


dwo + kgwo = 0 in Tp , 


5 . : (7-4.14) 
4o; + kv; =O in T;, ((= 1,2, -+-+,m). 
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(b) On the boundaries ¥; of the region 7; and 7, the following conditions 
are satisfied: 


Vi = Wo +P On J; (7-4.15) 


(v) iS a prescribed function) and 


LISS ye (7-4.16) 
Ov 


Ov; = 


"Ov =H) 





p 


[fi = po(@o/dv;) are prescribed functions]. 
(c) The reflected wave 10.(M) at infinity behaves as a divergent spherical 
wave, that is, it satisfies the radiation conditions 


”) : ] 
0)(M) = o(—) ; pe + thivy = (=) . 
r or r 
2. Now we shall investigate more precisely the diffraction of a plane 
wave on a sphere.” 
A plane wave 


7p = Ae i* (7-4.17) 


moves from infinity in the direction of the z.axis towards a sphere of radius 
R whose center is at the origin of coordinates. We expand the field of the 
reflected and diffracted wave in terms of spherical functions; the functions iy 
and f = po(dv,/ér) occurring on the right side of the above conditions are 
similarly expanded. 

If we set z= rcos@, then the following expansion of the plane wave in 
terms of spherical functions is valid: 


or ikr eos) _ y (2m + .1)(— i)" bm(R7) Pm (Cos 0) . (7-4.18) 
m .0 


where 


be 


2kr 





Pm(Rr) = i Imi (hRP) . 

Thus Jmiij(kr) is the Bessel function of the first kind of order m +3, and 
Palkr) is the Legendre polynomial of the mth order. On the left side, we 
have a Solution of the vibration equation which is dependent only on z. Each 
solution of the vibration equation, however, can be represented as the sum 
of products of spherical functions and the ¢,(k). Since in our case the left 
side of (7-4.18) is dependent only on z, we have 


eee = y Cadm( Rr) Pm (cos @) ‘ (7-4.19) 
m 0 


where C,, are, first of all, still undetermined coefficients. With the use of the 
orthogonality of the Legendre polynomials and their norms (see Appendix 
A-3.8), we obtain 


31 Analogous methods have often been used in quantum mechanics for problems of 
the dispersion of particles. 
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1 erirt mE) aE, (9 =kr, €=cosd). (7-4.20) 


-1 


Cur Pulp) = 2m +1 | 


2 


Now we determine the first term in the asymptotic repesentation for the 
integral standing on the right side. By comparison of these members with 
the first term of the asymptotic expansion of the function ¢n(e), Cm can be 
determined. We obtain the expansion of the integral in powers of 1/p, in 
which we partially integrate m times, where e7‘** is integrated and P,,(€) is 
differentiated each time. Now if we consider only the first term of this ex- 
pansion, we obtain 








+1 fag Sof ; ‘ 
| e** P_(é) dé es, 1 feet Pre) Be = 1 (e7'? Pa(1) -_ e? mn 1) 
4 — 1p Se 
= se —(—1)"e"") = se" ee) 
= p — 
= ee item 2) = gee — a- 1)7 sin (p — (mn/2)) — (mn/2)) , 


®n the other hand, as is known, see (Appendix A-3.3(2)) 


é 


ners sin (o — (mz/2)) 
p 


By comparing these expressions, we obtain from (7-4.20) 
Cn = (2m + 1)(— 7)”, (7-4.21) 


whereby formula (7-4.18) is proved. 
From (7-4.17) it follows that 


Do leer = ¥ GmPm (COS 8) : 
n=0 (7-4.22) 
Am = A(2m + 1)(— 1)"Pm(RoR) ; 
Po ui = s bmPm (COS 8) ; 
ur m=0 


T=R 





(7-4,23) 
bn = Akopo(2m + 1) (— i)" Pn(RoR) . 
The field of the reflected wave and that of the broken wave are solutions 


of the wave equations. As in the incident field, they are dependent only 
on z. Therefore, we can write the functions v, aud w, in the form 


v, = 3 anga(lir)Pr (cos 8) , (7-4.24) 
Wy =X Bubn(kor)Pn (COS 8) (7-4.25) 

and 
Culp) = \z Hsp) (7-5.26) 


Now we turn to the determination of the expansion coefficients aw» and jn. 
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By using conditions (7-4.3) and by comparing the coefficients of P,,(cos 6), 
we obtain 
AmPm(RiR) — BmEm RoR) = Am = AC2m + 1)(— 1)"OnlRoR) , 
PikiamGn(kiR)— PokoBmomkoR) = Om = Akopol2m + 1)(— i)"bn(koR) + 


and thus 


m_ Pokal im(koR bm(koR) — &mkoRYm(koR)] (7-4,27) 
pokoPm( ki R)em(RoR) — pikibn(kiR)em(RoR) " 


= \mPikiPm(RoR ink R) — Pokom koR im kiR) 
pe RM NS Top RE). DRRGR 
p nO Rodin Ps RM G(PaR) = Prk RMaCkoR) | 


3. We now consider, as an example, the dispersion of sound waves by 
a solid spherical obstacle. The center of the solid and stationary sphere is 
at the origin of coordinates. The sphere is struck by a plane sound wave 
which propagates along the z-axis. As in Section 2-1, it can be shown that 
the sound pressure p(x, y, 2, ¢) satisfies the wave equation 


am = A(2m + 1) (— 7) 


Here a is the sound velocity and 7 is the adiabatic index; po and py, are the 
pressure and density, respectively, of the medium in the undisturbed state. 
The pressure carried by the incident plane wave is described by 


Po = Age ’ (2 po _ ’ 


a 


where A is a constant. 
By analysis of the induced process 


phGi.2t) Spe ywoe™ 
we obtain for p(x, y, z) the vibration equation 
Ip+k’p=0. 
Because of the rigidity of the sphere, the normal component of the velocity 
uomust vanish on the spherical surface Sr. The projection of the velocity 
on the normal direction n is related to the pressure by 
_ 1 


at p On” 


a 
Un 


In the stationary case, therefore, we obtain 


loo 
ul, = —— oP , 
1wo On 

from which we obtain the boundary condition 
TO a5, 


on Sp 
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Now we set p = fo + w, where w(x, y, z) denotes the pressure of the dis- 
persed wave. Then for the determination of w there result the following 
conditions: 

(a) The function w(x, y, z) satisfies the vibration equation 

Jw +k’w=0. 

(b) On the spherical surface Sp, the boundary condition 

__ ab 


SR on 








SR 
holds. 

(c) The dispersed wave w at infinity behaves like a divergent spherical 
wave, that is, for r— co, w satisfies the radiation conditions 


w(M) = o(—) ; oe - ikw = o(—) ; 
r or r 


This problem is a special case of the diffraction problem considered above; 
indeed, it corresponds to the parameter value p, = 0. 
If, in formulas (7-4.25) and (7-4.28), we now set p,; = 0, then we obtain 


Sn, ee ee LL aoe mYn(koR) 7- 
bm = — AQm+1)(-— 1 C(heR) (7-4.29) 
and 
w= — > (2m + 1)(— 12)” Belt tur) Pn (cos #) . (7-4.30) 
m0 m\Ro 


If the wave length is large in comparison with the size of the sphere, 
that is, if &R «1, then in formula (7-4.29) for the functions ¢,(kR) and Cn(kR), 
we Can use a Series expansion. From the expansion of the functions Jm+i/2(kR) 
and H¢.4,(kR) in powers of the small argument &R (see Volume I, Appendix, 
Sections 1 and 3) we find: 


AR “(Lary = ter) 

a ral ian) mea) 2 ROS Be ; 
kR -1/2 ~ kR\*? 
city fz , CURR) ® —i im. 


Now, since 


r@= VF, P=. MM =8Ve. b= - Wve, 


we obtain 


P(RR) = 1 — 


(RR) © me (RR) © 
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and from this we find 


fee ER, pees eA, 
(RR) = 3 ’ (RR) = 3 ’ 
‘bR) = —~— tl bR) x 2 
Co(RR) = RY’ C(RR) = RY 


If we introduce the expression obtained for ¢,, and C;, into formula (7-4.29), 
then we obtain 


.A A 
By = iz (hRY , A= ZlkRY ; 


We easily see that the resulting coefficients are proportional to (kR)*. There- 
fore, for the dispersion of long waves (kR « 1), the excitation w can be 
described approximately by the first two terms of the series (7-4.30): 


W = foCol(kr) + fidi(kr) cos 0 , 


(7-4.31) 
[P,(cos#)=1, P,(cos#)=cosé]. 


At large distances from the sphere (kr > 1), in the so-called wave zone, 
the asymptotic representations 


Jam: -ikr pee -tkr er 
Colkr) = bye (kr) © br? (7-432) 


hold for the functions €,(kr) and ¢,(kr). These formulas result from the 
asymptotic representations of the Hankel functions. 

We now introduce expression (7-4.32) for O (kr) and ¢,(kr) into formula 
(7-4.31), and replace £ and §, by their approximate values. Then we obtain 


2p) 
yx —AkR ( = = cos ayer" , (7-4.33) 


3r 
We turn now to the calculation of the intensity of the dispersed wave. 
This quantity is defined as the average value of the energy flux (Poynting 
vector), which is equal to the product of the excess sound pressure w and 
the velocity «, where w and w are the real parts of the corresponding ex- 
pression. In our case, 
w = w,cos (wt — kr), 
“icOst (7-4.34) 
u = to coS(wt — kr), 
where ww, and wz) are the corresponding amplitudes. 
For the calculation of the sound intensity / in the wave zone, we consider 
only the principal term of the asymptotic representations: 


T 2- 
J = 1l91U9 | 2 st = UoWo (7 ees as th . d) ; 
oT |, cos’ (w kr) at tae is the perio 


From the equation of motion 
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and formula (7-4.34), we find 


Therefore, 





= ATER (2 md COs 0) 
2ae ~—- 8apr’ 2 ; 
If we denote the amount dispersed by the sphere into the cone dé by 
2-r°¥(0) sin Odd , 
then we obtain 


274 pG 2 
(A) fers ARR’ (1 = 3 cos 0) . 
18ap 





a = 48°10’ 


FIG. 89 


Figure 89 shows the polar diagram for the intensity of a sound wave 
dispersed by a sphere (without consideration of the scale of measurement). 
If 


coda +e, 0= a = 48°10', 


then no dispersion occurs in the direction #@ = a. 


Problems on Chapter 7 


1. Determine Green's function of a stationary point gas source under 
the assumption that the gas decomposes into a diffusion process. Solve the 
diffusion problem in space and in the plane. 

2. Consider the same problem in the half space y > 0 under the assump- 
tion that the concentration is equal to zero for y= 0. 

3(a) Solve the interior and exterior first boundary-value problems for 
the equation 


4Au—nu=0, 
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if the boundary condition 
tt |r=ry = ACOSO 


is prescribed on the sphere of radius r = 7’. 

In the case of the exterior problem, formulate conditions at infinity which 
guarantee the uniqueness of the solution. 

Consider the corresponding problems for the boundary value. 


U|p=r, = F(A). 


(b) Solve the corresponding problems for the two-dimensional equation. 
The boundary values here are prescribed on the circumference of the circle 
of radius ry = 7, and have the form 
Ut lper, = ACOSY 
or 
t|r=r, = Fo) 
4. Solve problems [3(a), (b)] for the equation 
jut k’u=0. 


In the case of the interior problem, investigate for which value of 1 
there exists a unique solution (& is considered as prescribed). 

Formulate conditions by which the uniqueness of the solution is guaran- 
teed both for the case of two as well as for the case of three independent 
variables. 

5. Under the surface of the earth at a depth h, a radioactive substance 
is found which is distributed there with a constant density. Determine the 
concentration of the emanation under the assumption that its concentration 
on the surface is equal to zero. 

6. Determine the eigenvibrations of a ring-shaped membrane. Let the 
radii of the rings be a and 0 (a < 0). 

Let vl,-2. = 0 and v|,=, =0. Show that the limit value of the first eigen- 
value for a—0 is equal to the first eigenvalue of the circular membrane of 
radius & with a fixed boundary. 

7. Determine the eigenvibrations and the eigenfrequencies of an endo- 
vibrator of cylindrical form under the assumption that the walls of the endo- 
vibrator are ideal conductors. Consider the same problem for the acoustics 
case. 

Hint: In the case of electromagnetic vibrations we introduce a_ polarization 
potential (see Section 7-5.1). 

8. Determine the electromagnetic field of a point dipole in an unbounded 
space under the assumption that the size of the field is proportional to c'’’. 
Investigate the asymptotic ratio of the solution at large distances (in the wave 
zone). Solve the same problem for a dipole which lies on a perfectly con- 
ducting surface (vertical dipole). 

Hint: Use the polarization potential. 

9. Formulate the problem of propagation of electromagnetic waves within 

an infinitely long cylindrical cavity of arbitrary cross section with perfectly 
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conducting walls. Consider the electrical wave which propagates along a 
circular cylindrical cavity and has the greatest length. Determine the field 
and calculate the energy flux through a cross section which is perpendicular 
to the generators fof the cylinder) (see Section 7-5.1). 

10. Solve the inhomogeneous equation 


jut kus --f 


in an unbounded cylindrical region of circular cross section. On the surface 
of this region, homogeneous boundary conditions of the first or second kind 
are to be satisfied. Construct the Green’s function ‘see Section 7- 5.2). 

Construct Green’s function in the case of the first boundary-value problem 
for the equation 


du t+ ku = 0 


‘a. In the half space z> 0, ‘b) In the half plane » > 0, (c) In the layer 
ae ge 

12. Solve the problem of the diffraction of a plane electromagnetic wave 
by a perfectly conducting cylinder. Consider the same problem for the 
acoustics case. 

13. Determine the electromagnetic eigenvibrations of a spherical endo- 
vibrator with perfectly conducting walls. In particular, consider the vibrators 
of the type TE and TM. 

14. Determine the electromagnetic eigenvibrations of an endovibrator 
which describes a region bounded between two coaxial cylindrical surfaces 
and two planes which are perpendicular to the cylinder axis (Figure 90). 





FIG. 90 


Hint: For the polarization potential Z,,m_ use a formula which is analogous 
to formula (7 -5.14). 
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1. Waves in conducting tubes (wave guides) 


1. For the construction of different types of shortwave radio transmitters, 
we are faced with the important problem of the transport of electromagnetic 
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energy from the sender to the radiating antenna or from the antenna to the 
receiver. The question of transport of electromagnetic energy also occurs 
for a series of other important practical problems of modern radio technology. 

Until a few years ago these problems were solved satisfactorily in that 
the transport was accomplished with the help of double conductors. Here 
we have two metallic conductors between which electromagnetic waves pro- 
pagate. In this case, however, it is apparent that, aside from the defects 
which generally accompany all propagating conductors, such double conductors 
always radiate a fixed amount of electromagnetic energy, and the higher the 
frequency of the propagating wave, the greater the radiation. On this basis, 
propagation with the help of double conductors in the region of ultrashort 
waves is unsuitable. 

In recent years, in the technology of ultrashort waves (centimeter and 
decimeter waves) entirely different means of propagation for the transport of 
energy have been developed. These consist of metallic tubes (conducting 
tubes) inside of which radio waves propagate. Such hollow conductors show 
very small losses, so that they are especially suitable as transport conductors.” 

The mathematical theory of the propagation of radio waves in hollow 
conductors was already established by Rayleigh. Rayleigh investigated the 
propagation of acoustic waves in tubes. In recent years, the theory of hollow 
conductors (wave guides) has been developed extensively, particularly by 
Soviet investigators. The properties of circular, rectangular and other types 
of hollow conductors are also under investigation.* 

We will consider first the properties of hollow conductors of arbitrary 
cross section and then illustrate these properties with a series of concrete 
examples. Taking a cylindrical hollow conductor unbounded along the z-axis, 
we assume its wall to be a perfect conductor. Let S be the surface, S the 
cross section, and C the contour which bounds this cross section. Further we 
assume: (a) the dielectric constant « and the magnetic permeability » of the 
medium filling the tube is equal to one. Further, let o=0. (b) Let the 
region inside of the hollow conductor be source free. (c) Let the field vary 
periodically according to e*”. 

With these assumptions, Maxwell’s equations have the form 


rot H= —7kE, 

rot E=ikH, (k= u/c) (7-5.1) 
divH=0, 

divkF=0. 


Since the walls of the conductor are assumed to be perfectly conducting, 
the tangential component £, directly on the wall of the conductor is equal 


to zero: 
E, By =0. (7-5.2) 


32 B. A. Vvedenskii and A.G. Arenberg, Radio Waves Guides, Part I, Moscow, 1946. 

t+ Editor's note: In particular, the work of L.A. Vainstein is to be noted. SeeNew 
York Univ. Report No. EM-63, Institution of Mathematical Sciences, Div. of Electro- 
magnetic Res., Jan. 1954 (Transl. by J. Shmoys). 
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Next we show that inside the conductor, progressive electromagnetic 
waves Can propagate. 


We seek the solution of Eq. (7-5.1) in the form 
E = graddiv3 + #3, 

7-5.3 

H= —-itkrot3, 


where 3 is the Herz vector (the polarization potential). Here we consider the 
case in which 3 possesses only one component in the direction of the z-axis. 
In this case, after inserting form (7-5.3), we obtain from Eq. (7-5.1): 


4Z+kZ=0 or 4.24 og +kZ=0 (7-5.4) 
3 = Zi); 
The boundary condition (7-5.2) is satisfied if we require that 
Z\r=0. (7-5.5) 
For Z we use the Ansatz 
Z(M, 2) = (M) f(z) ; (7-5.6) 


where M denotes a point lying in the cross section S. If we introduce ex- 
pression (7-5.6) into Eq. (7-5.4), then we find that g(M) is an eigenfunction 


of the problem 
4. + 4 =0 in the interior of S (7-5.7) 
gle=0. 


This problem corresponds to the vibrations of a membrane which is fixed on 
the boundary; 4, = (47/dx’) +- (67/dy") is the two dimensional Laplace operator. 

We denote the eigenvalues and eigenfunctions of this problem by {4,} and 
{gn}. Special solutions of Eq. (7-5.4) are then the functions 


Z.(M, 2) = ¢.(M)filz) ; 
where the functions f,(z) are integrals of the equation 
n th —Adf, = 0. (7-5.8) 
The general solution of Eq. (7-5.8) is 
flz)= Ase™™ + Be’, (r= VR aa). (7-5.9) 


As is easily seen, the term A,e‘™’ corresponds to a wave propagating in 
a positive z direction, and the second term in Eq. (7-5.9) corresponds to a 
wave propagating in the reverse direction. 

If we consider a wave propagating only in one direction, then we obtain 


Frl2) = A.,e™™ 
so our solutions have the form 
ZAM, z) = AngM ) f(z) . (7-5.10) 


The constants A, are calculated from the excitation conditions of the field. 
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By substituting Eq. (7-5.10) into (7-5.3) and extracting the factor e™’, 

we obtain 
ZA(M, z) = FM)’ , (7-5.11) 


where F, are functions which are expressed through the eigenfunctions ~%,(/) 
of the membrane or their derivatives. 
If k? > 4,, then 7, is real and expression (7-5.11) represents a propagating 
wave which propagates along the z-axis with phase velocity 
w Cc 


eee DC", 
(OE eee th. Ge) 


The group velocity of the wave is obviously equal to 





that is, in the inner space of the hollow conductor, dispersion occurs. 
If k? <2,, then 7, <= 7x, (*, > 0) and we obtain in place of expression (7-5.11) 
the damped wave 


By(M)e Terr, (7-5.12) 


which propagates along the z-axis in the positive direction. 

Since the cigenfrequencies 4, of the membrane increase unboundedly with 
increasing #, then independent of the frequency , from a fixed number 
no - Non, 

red, 
holds. Consequently, in a hollow conductor only a finite number of pro- 
gressive waves can propagate. Therefore, if k° < 4, then in the hollow con- 
ductor there exists no single propagating wave. 

Thus, in order for a wave to propagate at all in a hollow conductor of a 
given form and size, obviously the condition 





A<k®? or Ac —S 


must be satisfied, where f is the length of the propagating wave in the hollow 


conductor. 
For a hollow conductor with a rectangular cross section ‘a and 6 are the 


lengths of the sides) the following holds: 





2 2 
i ie (3 1 a) fait: Nidan “Geoteal, epea 18) 
a b 
Therefore, only if 
k > i jo -l- i or | < pet eee (F 5.14) 
Va b* | Ey ok 


can a propagating wave exist. 
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For solutions of the Maxwell's equations, one should also consider fields 

for which the z component of the electrical field is equal to zero: 
Ee = 0. (7-5.15) 


If now we introduce the vector 3 = Zi, and set 





E=ikrot3, H=graddiv3+#3. (E,=0), (7-5.16) 
then we recognize that the function Z(M, z) must satisfy the equation 
AZ+#Z=0 or AZ4+ a2 +#Z=0 (7-5.17) 
and the boundary condition 
02 ig ony. (7-5.18) 


Ov 
By repetition of these arguments, we find the solutions 
bu = Ait Me™, Fa = VR ay) (7-5.19) 


of the problem which as solutions of Maxwell's equations correspond to the 
functions 


By M)ei at) 


‘ 
Here ¢/,(M) and 4, are eigenfunctions and eigenfrequencies of the membrane 
S with a free boundary, that is, the eigenvalue problem 


oc, + AnQyr = 0 in S 


ane =0 onc. 
Ov 
Accordingly, in a hollow conductor, electromagnetic fields of the type 
{E, MH} and {E, Hy can occur, as we have established by formulas (7-5.3) and 
(7-5.16). The following terminology is common: We speak of electrical 
waves (or of waves of type TM), provided H,=0. or of magnetic waves 
(type TE), provided F,;=0. We say that in a hollow conductor waves not 
only of type TE but also of type TM can occur. We can show that an 
arbitrary field in an hollow conductor can always be represented as a sum 
of fields of types TE and TM.™ 
Thus it follows that an arbitrary field in a hollow conductor can be 
determined if both scalar functions Z(Af, z) and Z(Af, z) are known. 
2. We shall now determine the energy which a propagating wave of type 
TM possesses. 
For this we calculate the magnitude of the flux of the Poynting vector 
through the cross section S: 


W.= | \\eH") dS. (7-5.20) 


a3 A.N. Tychonov and A.A. Samarski, Vestnik Moscow University 7. 1948. 
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Here H* is the complex conjugate vector to H and S is the perpendicular 
cross section of the hollow conductor. 
By using a rectangular coordinate system x, v,z, we have 


Wek | \(e.n; — E,H*) dx dy . (7-5.21) 


The field components are expressed through the polarization potential Z as 
follows: 














wA ae a” 
*  Axdz ' *  avaz ' 
a7 a7 
Hesgeee NS agree 
av Ox 


By substituting these expressions into Eq. (7-5.21), we obtain 
a2 a 7k a2 7k 
W.= — <ia| (5 DE ) dxdy. (7-5.22) 
8: Js )\oxez ax avoz ay 


The function Z and the complex function Z* conjugate to it can be represented 
in the form 














Z (M,2) = Ar ¢r(M)e™ 
Z*(M. 2) = A*g,M)e"™ , 


where @, are the eigenfunctions of a membrane fixed along the boundary 
C(oaie = 0). From this it follows that in place of (7-5.22) 


cal 2 nf, 2 
w.= hy tA, | \| (4) af (“) | ax ay Se A, al (Farn)* dS 
8x s. ox oy 8x S 


also can be written. By application of the first Green’s formula 





a 


| \(ra." dS = — | [Pate dS + | Hees 46 in | Pe 
Ss Ss c v Ss 


we finally obtain 


W,= nd (Alerars (7-5.23) 


for the energy flux of the nth wave. If several waves propagate at the same 
time, then W, is equal to the sum of all the summands of the form (7-5.23). 

We now treat the problem of the generation of an electromagnetic field 
in a hollow conductor by a prescribed current.” 

3. In a spatial region V, within a hollow conductor %, let there be a 
current j(M, z)e"'’': the time dependence of the current is, therefore, harmonic. 
We seek the field generated by this current. On the basis of the superposi- 
tion principle, it is obviously sufficient to consider the excitation in hollow 
conductors by an elementary dipole of arbitrary orientation. 

In order to give an idea of the method for the solution of these general 


a4 A.A. Samarski and A.N. Tychonov, Journal fur theoretische Physik, 27, 11, 12, 
1947. 
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problems, we first consider the simplest case of the excitation of the hollow 
conductor by a linear current / = J,(z)e~‘’‘ which is prescribed on an interval 
L parallel to the z-axis. 

For the determination of the electromagnetic field developed in the hollow 
conductor, we should consider: 

(a) Maxwell's equations (7-5.1): 

(b) The boundary condition 


Ftan = 0 on ¥; 


(c) The radiation conditions in the form of the requirement that no waves 
coming from infinity are present; 
(d) The excitation condition which we assume in the form™ 


§ Ped ees, Fis (7-5.24) 
kK, c 
where K, denotes a circle of radius ¢ (e >0) containing the interval Z in its 
interior and » = MM, (M is a point on L and M is a point on the circle 
K,.). Consequently, the electromagnetic field must have a singularity of definite 
form on the current carrying line L. 

We again use the polarization potential Z introduced through Eq. (7-5.3). 
Let (M),&) be an arbitrary point of the current carrying line. By the use of 
cylindrical coordinates p,¢,z, whose origin can lie at the point (My,&), we 
obtain from Eq. (7-5.3) 

pees. 
09 
From this and from Eq. (7-5.24) it follows that Z at the point (Mo, &) must 
have a logarithmic singularity defined by 


In—. (7-5.25) 


Zz - 
— tke 0 


The function Z(M,z) must, therefore, satisfy the vibration equation (7-5.4), 
the boundary condition Z=0 on X, the radiation condition, and requirement 
(7-5.25). 

Now for Z we make the Ansatz 


z= K| ZAM, My; 2, O12) al, (7-5.26) 
L 
where Z(M, My; z,¢) is the corresponding Green’s function which is deter- 
mined as the solution of the equation 
JZ, +2 Zy =O 


with respect to the variables (M, z) and (M,, ¢), and which satisfies the bound- 
ary condition 


2 =9 on J, 


35 See Eq. (5-4.6’) 
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as well as the radiation condition. There, where its arguments coincide, it 
possesses a singularity of the form (1 dz-e%" x. The function Z, consequently, 
can be represented in the form 


wlkr 
4 





Loi AM, Mo: aa =) | Veal, Ma; zy S) 


2 eet 
(roy watz — oF , ow MM). 


where pois a regular function satisfying the vibration equation and the bound- 
ary condition 


hr 


p on». 





re 


As is cusily seen, the funetion Z Af, 2) defined by +7 5.26) has the required 
logarithmic singularity and satisfies the condition (7-5.25- if we consider the 
normalization factor 

- Nz 

i Ser 
— tke 


Using this factor we obtain 


Z(M, 2) See ZAM, Mo: 2, Crllfidz. 
- the \y 


In particular, for a current element of length / we find 


: x : 
ZAM, 2) ——/-1-Z,. 
the 
Consequently, Z signifies a a polarization potential. This corresponds to the 
excitation by a current element which lies at the point (Af%,.¢) and flows 
parallel to the axis of the hollow conductor. 

Therefore, the problem, that is, the determination of the field in a hollow 
conductor, is chmpletely reduced to the construction of the Green's function 
Zo Of the first boundary-value problem for the equation Ju + k°«=0 in an 
unbounded region. 

For the construction of the Green's funetion, the method described in 
Section 6 2 can be used. To do this we consider the inhomogeneous equation 

Sut ku SUM, 2) (7-5.27) 
(Let f.dt 2) be a given funetion) with the boundary condition 
uly 0) : 


For the function wa/7, 2: which we seek, we make the series Ansatz 
wMlez Y aagy A. 7-35.28) 
nod 


Here the (4) are the normalized eigenfunctions for the membrane S 
[from (7 5.7]: 


egy | Anb'n 0 © OH 0 . 


Now, if we also expand f(M. 2) in a series of these eigenfunctions 
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I(M, 2) = S falz aM) ’ SilZ) _— | [iM 2)0,(M’) day: . (7-5.29) 


and introduce expressions (7-5.28) and (7-5.29) in (7-5.27), then we obtain 
i 2) Pig 2) S —falzh Pee V Dem ks (7-5.30) 


The solution of this equation, as is easily proved, can be represented by the 
formula 


oo Pniz 3 
u(z) = | paras , (7-5.31) 
which can also be written in the form 
$00 57 Py 2 3! 
42) = \\ | ap AM" 2\h,(M") do dé (7-5.31') 
S J-—o n 


because of expression ‘7 -5.29). By substituting these expressions in (7-5.28) 
and by an interchange of the order of summation with integration, we obtain 


uM, 2) = \| ee M',z2—Of(M’, O doy dl, (7-5.32) 
; 


where 
/ n al 12~<0 
ZlM, M', 2 — 0) = § LLMOGIMD 6 onset 
nol 2pn 
The series for Z(M, M’', z— €) converges for z — € uniformly and absolutely. 
This follows from the estimates for the eigenfunctions® and the presence 
of the exponential factors e@?"?*', For M=M’ and z=¢, the function 
Z(M, M', z—) has a singularity of type l/r. We shall not go into the proof 
of this last statement.” 
From the above statements, it follows that 


G(M, M',z—€)=Z(M,M',z-£), 


(7-5.33) 


36 For the eigenfunctions ¢',(M), the relation ¢5n(M)'S Ad, holds uniformly, where 
A is a constant which does not depend either on the point M or on the index n. 
Problem (7-5.7) is equivalent to the integral equation 


cin( M1) = an \ocm, Mein M’) dow: 
S 


in which G(M, M’) denotes Green's function of Laplace's equation J.4=0 with the bound- 
ary condition %» ¢ = 0. From this integral equation, however, on the basis of the Schwarz 
inequality, we can obtain 


NA 


gin tiv (orm, M) dow |v’) dow SAGs 


since 


y Vm) dow = 1, (or, M’')dow S A’. 
oS s 


For the derivatives, we obtain 





eA 
OG’n 
a 


| = Bat. 
oy 





Ss | < Bye 
ox |< 





correspondingly. 
37 See A. A. Samarski and A.N. Tychonov, Journal fiir theoretische Physik, 27, 11, 
1947. 
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that is, Green's function Z, has the form 


: 2 (M dial M') 52 © 
ZIM ME eae Gall Pal M ) Pnz ° 
nil 2Pa 


From expression (7-5.33) we find that the field in this case can be re- 
presented by a superposition of waves of the forms (7-5.11) and (7 5.12) On 
the basis of the observation on p. 482, the series (7-5.33) consists of finitely 
many summands of the form 


Biol M ee, (n= VR Gas Pn = ~ in) (progressing waves 
aud infinitely many summands of the form 


BroatMie ?a7 > , decaying waves) 
where 
’ VY 2 Goa a pe e 2 
pe = oi MV) Pr Win —-R, tn >k’. 
2Pn 

For the determination of the field, formulas (7-5.26) and (7-5.3) are used. 
The problem of excitation in hollow conductors by an element of magnetic 
current parallel to the z-axis (an infinitesimally small current-conducting loop 

in the plane S,--) leads to the second Green’s function 
Bi Wignt Ml") int : 


eS z Oe : 
Zi(M,M',2z—-%)- yo 
nil 2Pn 


ba = Vian — B, 
which satisfies the boundary condition 6Z, 6» =0 on XS. Here H, = 0, Z= 
((4zj/c] KIZ, (Al is the moment of the magnetic current). 

In a similar way, we treat the problem of excitation of an arbitrarily 
oriented dipole ‘current elements) by determining, in this case, the existing 
field singularities. The corresponding functions Z are calculated from a 
formula which is analogous to formula 7-5.33. In the case of plane and 
Spatial currents, the functions Z are surface and spatial integrals [by analogy 
with (7-5.26,]. Further calculations of the field follow from formula 7-5.16. 

Thus the problem of excitation of an arbitrary cylindrical hollow con- 
ductor by an arbitrarily prescribed current is completely solved. In order to 
be able to use the general formulas for a hollow conductor with a definite 
cross section, it suffices to determine the eigenvibrations of that membrane 
which has the form of the perpendicular cross section of the hollow conductor. 


The orthonormal eigenfunctions of a rectangular membrane with sides 
of length a and 6b are 


’ 


4, aM mn 








dn M) = max, y) = ,{— sin ——xsin—y, 
- ” . ‘ab a b- 
Gl My = baal ts = \ _ cos ae Cos =o , = 2. f #0; gq = 1), 


mon? 

: 2 

Amn — 7 —_y + _ . 
@ b? 
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For a circular membrane of radius a, we have 


[ee Jif temn(r/a)) Cos 
Nica? f,Gitaw)> Sin 
a z : “mn ((Amn/a)r) Cos 

5(M) = malt, cc) = | Sx Ann Ja\(Amn/a)r) cos ,, 

A a RUNGE a teak ayia in 

Thus mn are the roots of the equations Jn(s) = 0: Amn = fimn/@’; Amn Aenote 
the roots of Ja(s) = 0's Ann = Ann/a’. 


.(M) _ Pails (2) = 


3: 





2. Electromagnetic vibrations in cavity resonators 


In recent years, in radio technology the so-called endovibrators (cavity 
resonators) have found many uses. An endovibrator consists of a hollow 
metal body filled with a dielectric (in particular, with air). In such endo- 
vibrators, stationary electric fields (standing waves) can exist, that is, the 
so-called electromagnetic eigenvibrations. 

In the technology of ultrashort waves, endovibrators of very complex 
forms are used. The general problem, to determine the eigenvibrations of 
endovibrators of arbitrary form, is extremely difficult: however, for simpler 
forms of endovibrators the explicit solution can be given. Since the walls of 
the endovibrators can be constructed from good conducting metals, they are 
usually assumed to be perfectly conducting for the calculation of the eigen- 
vibrations. In the following discussion we assume this and that all quantities 
vary with time according to e“”’. The consideration of finite conductivities 
proceeds by using the boundary condition of Leontovitch. 

We shall not include here a presentation of the theory of endovibrators, 
but shall discuss only certain general questions of the theory of these vibrat- 
ing systems. 

1. The eigenvibrations of cylindrical endovibrators. If we want to deter- 
mine the electromagnetic eigenvibrations, we have to find the nontrivial 
solutions of Maxwell's equations.” More precisely, we must find those eigen- 
frequencies w» for which the system of homogeneous Maxwell's equations 
possess nontrivial solutions, and we must also determine the nontrivial solu- 
tions themselves. 

In the interior of the cavity 7, Maxwell’s equations have the form 


rot H= —ikE 
ee E=ikH, (k= a/c) (7-5.34) 
divE =0 
divH=0. 
On the boundary %, the condition 
E, = 0 (7-5.35) 
or - 
Le (7-5.36) 
OV 


38 The factor e-t#t is omitted everywhere. 
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must be fulfilled; these two conditions, as can be easily shown, are equivalent. 

We shall carry out the calculation of eigenvibrations for an endovibrator 
which is described by a section of a cylindrical hollow conductor of arbitrary 
cross section and is bounded on the two ends z= + / (Jet the z-axis be parallel 
to the generators of the cylinder). 

As in a cylindrical hollow conductor, it is also true in the endovibrators 
considered that vibrations of electrical type (H,=0) and vibrations of the 
magnetic type (£, = 0) are possible. 

For waves of the electrical type, we set 


E = graddiv3 + #3, 


(7-5.37) 
H= -ikrot3, 
where 3 = Zt, = (i, is the unit vector parallel to the z-axis) is the polarization 
potential for which only the z component is different from zero. From (7-5.37) 
we note that in this case H, = 0. 
The function Z again satisfies the vibration equation 


JIZ+k#Z=0. (7-5.38) 


We now choose on the surface ¥ a system of rectangular coordinates 
(s,»,t,) which depends on the point. Here wv denotes the unit vector in the 
direction of the surface normal at the point in question, and s is the unit 
vector in the direction of the tangent to the contour C. (C denotes the curve 
bounding the perpendicular crosssection S of the cylindrical endovibrator.) 

On the basis of boundary condition (7-5.35), we have 





























a2 
[ee ca a 
OS802 \s a 
ee (7-5.39) 
E,\s = (5 - HZ) =0. 
2 r 
Both these equations are satisfied if 
Zse=0. (7-5.40) 
For z= — 1. we obtain from (7-53.35) the conditions 
a 
fy ett = = =0, 
OS02 |\z=+1 
By i-41 = ae 
OVOZ 2 +1 
These are satisfied if 
IZ ae 
= =0. (7-5.41) 
UZ |z +1 
Therefore we have the following boundary-value problem: 
Determine the nontrivial solutions of the vibration equation 
a2 
JZ + [2+ #Z=0 (7-5.39') 





UZ 
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with the homogeneous boundary conditions 


Deny, (7-5.40') 
OZ Bhi. (7-5.41’) 
O02 |z=41 


As in the case of the cylindrical hollow conductor (see p. 499), we seek 
the solution through the Ansatz 

Z(M,2) = Q@M)f(z2) . (7-5.42) 
If we put this in Eq. (7-5.39’), then by consideration of the boundary condi- 

tion (7-5.40), we obtain the eigenvalue problem 
4.6 + 4h =O in S, (7-5.43) 
g=0 onC. (7-5.44) 
This is the problem for the eigenvibrations of a membrane which is fixed 
along the contour C and which has the form of the perpendicular cross section 


S. For the determination of the function f(z), we obtain by separation of 
variables the equation 


f' +R -Af=0 (7-5.45) 
and from condition (7-5.41) the boundary conditions 
f(2£H=0. (7-5.46) 


It is to be noted that here, in contrast to the results for hollow con- 
ductors, k” is not a fixed quantity, but rather enters the equation as a para- 
meter. Now it is necessary to find those values of & for which problems 
(7-5.39—7-5.41) have nontrivial solutions. 

Equation (7-5.45) with the conditions (7-5.46) possesses the eigenfunctions 


fn(z) = An cos Ai — z). 
21 
To these correspond the eigenvalues 
=zm\” 
n= — , (ni =0,1,--- ’ 
it ( 3] ) ) 
where 
Itm = Rn — 2. 
The boundary-value problem (7-5.43—7-5.44) yields the spectrum of eigenvalues 
{4,} with the corresponding system of normalized eigenfunctions ¢,(M). From 
this it follows that in an endovibrator only those vibrations can be present 
whose eigenfrequencies or resonance frequencies are equal to 
Omn = C Van oe Lon - 


These frequencies correspond to the system of eigenfunctions 


Zn. m(M, 2) = An,m¥n(M) cos rau —2z) (7-5.47) 
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or 
Zn. nM, 2)> Aan mPnlM) fi m2) ’ (7-5.47’) 
where the functions 


ee zm ' _ {2 for m#0 
falZlis (3 = oR mao . for m=0 
are so normalized that their norms are equal toone. The solutions are deter- 
mined to within the amplitude factors An,m. These can be obtained from 
the actual excitation conditions. 
If the eigenfunctions ¢,/./) are known, then the field components can 
be calculated according to formulas (7-5.37) and (7-35.38). 
If the cross section S of the endovibrator is a rectangle with sides of 
lengths @ and b, then 


Ya M) = Wp,q(X, y) = Vs sin =P xsin =, (p,p =1,2,3,---), 


ae 
= em cin TP sin 4 La 
Lan = Abies 2s sin - x Sin F ¥y COS Ti (l— 2). 
In this case, the smallest eigenfrequency is equal to 
= re os fd 1 
wo1. = COVA = cn yee + a 
It corresponds to the maximum wave length attainable: 
Ao = eae. Seer 
gee 
Va B 


In particular, for a = 6 the maximum wave length is equal to 
Ao =@24 pez . 


It is equal, therefore, to the diagonal of a square which is formed by the 
perpendicular section. Consequently, in such an endovibrator, only eigen- 
vibrations with frequencies 
Oo = Wor 
or wave lengths 
As A, 


are possible. Completely analagous results are obtained for magnetic type 
cigenvibrations (£, = 0). In this case, we set 
E = ikrot3, 


H = grad div 3 + #3 
with 


> 


3=Z1,. 
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For the determination of Z(M, z) we have equation (7-5.39) with the boundary 
conditions 


Be ise, (7-5.40') 
voir 
Zier =O. (7-5.41') 
The solutions are 
Zn.m = An.mYm(M) sin aml —2). (7-5.48) 


Here ¢,(M) is understood to be the eigenfunctions of the membrane S with 
the boundary condition 04/@p = 0 on C. 


2. Electromagnetic energy of eigenvibrations. We shall calculate the 
energy of the electric and magnetic fields of a standing wave in a cylindrical 
endovibrator. 

For simplicity, we shall limit ourselves to waves of the electrical type. 
If we consider that the periodic dependence of EF and H are given by the 
factor e“’*, then from formulas (7-5.37) and (7-5.38), provided we take only 
the rea] part, we obtain 





2 
E,= = cos wt , 
2 
Pe OF bears (7-5.49) 





dzoy 
a2 
E,= (3 + KZ) cos wt , 
0z 
and 


A,=- p24 sin wt , 
oy 


Hake sine. (7-5.50) 
Ox 
Pan. 


For calculation of the energy of the electric and magnetic fields, the known 
formulas 


Exi(t) = a |_|" de (7-5.51) 


Em(t) = = \\ | H’ de (7-5.52) 
tT Jr 


are used, where the integration is to be extended over the spatial region 7 
of the endovibrator. 

If expression (7-5.49) is introduced into (7-5.51), then by using formula 
(7-5.47') we obtain® 


%9 The indices m,n can be temporarily dropped. 
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2 os 2 “ 2 t ; 
Eya(t) - ve cos” ot {| | ie a Ga ] du | [f'(2a))’ dz 
8x Ns Ox av +1 


+ |" dal Of" + Re SfyY aa} : 
s t 





After several simple calculations, we find 


t 
[ (f(a) de = ff" ee —) Sf de (2) frdz=k 2, (7-5-52’) 
Ned t 


L 


l t 
| Sf" + Bi da = 2 | Pilea (7 5.53) 
xf -t 


since f is normalized by 


t 
| fidz=1. 7 5.54) 
t 


For the calculation of the integral extended over S, we use the first Green's 
formula, the equation for the functions ¢,, the boundary conditions, and the 
normalizing condition 


| F | (2) 7 ($) ] dx dy = | |r) do 


= |, \eas da + | of a ds = a) \y" da =2, 
. (7-5.55) 


where fz is the del operator in the S plane and 4, is the two-dimensional 
Laplace operator. As a result, for the energy of the electrical field we obtain 
the expression 


2 
Fua(t) = ae cos’ wl . (7-5.56) 


For the energy of the magnetic fields on the basis of formulas (7-5.50), (7-5.52), 
(7-5.47'), we have 


Eu(t) = Ak |. (2): ic ~) a ay\ - dz sin? wt , 


from which we obtain 





24,2 
E(t) = ee sin? wl (7-95.57) 


by consideration of (7-5.54) and (7-5.55). The total energy of the electro- 

magnetic field is independent of time: 

A’ck® 

——A 
8x 


Formulas (7-5.56) and (7-5.57) show that in a standing wave there occurs an 
interchangeable transformation of electrical energy to magnetic cnergy, and 
conversely. Here the time average value during a period for the energy of 
the electric field 


E= En) + ku) = (7-5.58) 
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= 2 2 

Bae) Ao pie (7-5.59) 
equals the corresponding average value of the energy of a magnetic field 

a 27,2 

Eu =3 4% =38. (7-5.60) 


3. Generation of vibrations in an endovibrator. For the generation of a 
field in an endovibrator by external sources, a connecting element must be 
introduced through a crevice in the wall of the endovibrator. A coil or a 
wire can be used as such a connecting element, which then acts as a small 
antenna. So that the field in the endovibrator may not be perturbed by the 
connecting element, the dimensions of the connecting element must be very 
much smaller than the wave length. There is still another series of pos- 
sibilities of exciting vibrations in the endovibrator, for example, through an 
electronic sheaf which penetrates the endovibrator (through an opening in 
its wall). 

In order to solve the problem of excitation of an endovibrator through 
an antenna placed in its interior or, in an extreme case, through an ele- 
mentary dipole, the finite conductivity of the walls of the endovibrator must 
be considered. Otherwise, it would be impossible to cause vibrations in the 
endovibrator. The finite conductivity of the walls can be considered by means 
of the Leontovitch condition. 

Here we shall treat the excitation of a spherical endovibrator by a dipole. 
In this case, a simple analytic solution can be obtained.*” At the center of 
of a sphere of radius 7, we place a dipole. This vibrates with the frequency 
w and the amplitude 1 and has the direction of the z-axis. We seek the field 
within the sphere by taking into consideration the finite conductivity of the 
walls of the sphere. 

In this case, the field strengths E and H can be expressed by a single 


function U as follows: 
E,= : < (sin oF) : 











gsin@ 00 00 
Fya — (ont) ; (7-5.61) 
p do\ 60 
ae 0 
* 00 


The remaining components E,, H,, fy are equal to zero. 
Since the dipole has the direction of the z-axis (9 =0), the field obviously 
cannot be dependent on ». The function U satisfies the equation 


ah 2 (nat) le a ny iy ar) +U=0, (7-5.62) 
O° Op do p sin @ od oe 





where 9 = kr. For »->0, U has a singularity of the form 


40 See S.M. Rytov, Doklady SSSR 51, 2, 1946. 
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ie*” ik’e’? 








— (7-5.63) 
r p 
On the surface of the sphere (» = »o) the Leontovitch condition 
io = aH, (7-5.64) 
must be satisfied. Here 
=yrd J 2, d= eo) 7-5.65 
ans Fi 2 ( V 2r pow ( Py 
is the effective thickness of the skin layer. 
From expressions (7-5.64) and (7-5.61) we can obtain 
0 : 
Faas — ipsa | =0 
00 P= Pp 
or 
Po ou + (1 — ipga)U =0 (7-5.66) 
IP \o=p5 P- P9 








as the boundary condition for the function U. 
A solution of Eq. (7-5.62) with singularity, (7-5.63) is obviously given by 
the function 


U = = #2 UL e) + CJanlo)] Ps (C08 0) 


Here P,(cos@) is the Legendre polynomial of first order, [13/2 is the Hankel 
function of the first kind, and /s;. is the Bessel function: 


P, (cos @) = cosé@, 


H3)2(p) = We e (= Se 
Vip 


ip 
sin 
Jake) = Ja ( 2 — cos). 


re) 





The constant C can be calculated from the boundary condition (7-5.66): 
1-4 +4(=-1) 
C= e'?0 Po Oo 20 


ieee + (2 oo) SIN po — ia( Pe Po _ cos oo) 
Po Po Po 


This solution can be used for the determination of the magnitude of the loss 
in the walls of the sphere. The amount absorbed by the walls 


Q= Hee || He? 2aoksin @ a 


can be calculated directly and is equal to 


peokid l 


ate |B—ia@Al?’ 
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where 
A See S68 Rex B= a (1 — =) sin py. 
Po Po Po 
If the dipole is not at the center of the sphere, the calculation of the field 
is essentially very difficult; however, the solution can be given as an infinite 
series. 


3. Skin effect 


In contrast to direct current, alternating current is not distributed uni- 
formly in the cross section of the conductor, but shows a greater density on 
the surface of the conductor. This phenomena is known as the skin effect.*! 

For simplicity, we consider an infinitely long homogeneous cylindrical 
conductor (“= const, 7 =const) through which flows an alternating current. 
We shall assume that the total current J= J,e'’’ flowing through the con- 
ductor is known. 

If we neglect the displacement current*” and the process is stationary, 
that is, the time dependence follows the law e*’', then we obtain Maxwell’s 
equations in the form 


ON ae | ees 9 (7-5.67) 
Cc 

rot H = — tke, (7-5.68) 

divE =0, (7-5.69) 

divir=6 (7-5.70) 


with k = w/c after leaving out the factors e*”’. 

In the present case, Eq. (7-5.69) and (7-5.70) obviously follow from Eq. 
(7-5.67) and (7-5.68). 

Now we introduce cylindrical coordinates r, 0, ¢ such that the z-axis co- 
incides with the axis of the conductor. Then, because of axial symmetry, 
all of the quantities occurring depend only on 7. 

Since in the present case the vector E has the direction of the z-axis, it 
follows from Eqs. (7-5.67) and (7-5.68): 


ae): Ape oe (7-5.67’) 
r dr Cc 
Se ene) i ae (7-5.68") 
dr if 


41 See also I.E. Tamm, Basic Theory of Electricity, Moscow, 1946. The German 
book was prepared by K. Simonyi, Theoretical Electrotechnology, Berlin, 1956. 

42 Within the conductors, particularly inside of the metals, the density of the dis- 
placement current is very small in comparison with the conduction current density: 
Jv<j=oE. In our case, this condition is equivalent to the requirement 

cota. 
Since for solid metals g ~ 10"? absolute units, for all usable frequencies in technology the 
displacement current can be neglected. 
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By elimination of H,, we obtain 


1 d/fijdE Azouk 
a, Be eee = i aos 7- 7 
lS) ; Cc £ coe 

To determine the boundary condition which must hold on the conductor 
surface for r= R, we use the hypothesis that the total current /, flowing 
through the cylinder is known. 

Therefore, we write the first Maxwell equation (7-5.67) in the integral 
form 





Here C is a curve enclosing the conductor and H, is the tangential component 
of the vector H on C. If the curve is chosen as a circle of radius r= R on 
the surface of the conductor, then we obtain 


2x ar 
=— —] 
\ H,(R) de Re 


or 
21, 
AR) = —, 7-5.72 
HAR) oR ( ) 
From this, together with (7-5.68), we find 
dE, 2ikye 
tee el 7-5.7 
dr r=R cR fo ( 3) 





Therefore, the Bessel differential equation 
EV) + Eur) 4 (a ai Er) = 0, («’ = ee) (7-5.71') 


is to be solved with the boundary condition 


ER) = =e, (7-5.73) 


Moreover, the solution for r= 0 is to be bounded, that is, the requirement 
E{0) < © (7-5.74) 


for r=0O is to be satisfied. The general solution of the Bessel differential 
equation (7-5.71') has the form 


AfilarV —i) + BN (arV —i) , (7-5.75) 


where /, and N, are the Bessel functions of the first and second kinds (see 

Appendix, Section A 2), while A and B are constants still to be determined. 
The function N,, for r=0, has a logarithmic singularity. Therefore, 

because of the requirement (7-5.74), B=0 must be chosen. Consequently, 


Er) = AfilarV —2) . (7-5.76) 


The coefficient A is determined from the boundary condition (7-5.73): 


7 5. APPLICATIONS OF CHAPTER 7 517 


2V — ikl, - 
— cance eee eae 7- 17 
acR]\(aRV —1) ee 
From this, for the current density 
j=aE,, 
we obtain the expression 
Fo eee ak ae ee eC oe (7-5.78) 


2-RJ,(aRV —i) 


On the right side of (7-5.78) stand the Bessel functions with complex argu- 
ments 


For these functions we ordinarily use the expressions 
TilxV —i) = berg x + ibeipx, 
Tia —i) = ber: x + ibei, x. 


The expression for the functions ber x and bei x can easily be given if 
we start with the series expansions of the Bessel functions. For example, 
we have 


Il xV 1) = JolxiV7) =1- (Fv 4 (Fv = (ee Ca) 





o'er am ape 
From this we obtain 


In a similar manner, it is easily seen that 


1 fe (7-5.81) 


VY2\2 ° 112! 213! 314! 


Gy DG) aah (7-5.82) 


bei ee) oo _* ee eee SEP 
be= el 2° yar 2131 314! 


In applications, the derivatives 


ber; x = 


af 
berg x, beio x 
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also occur. For these we find 
Wiiawy =) = 17/7 (bein x — Pbergx) . (7-5.83) 
With the use of these functions, formula (7-5.78) for the current density 
can be written in the following manner: 
lox bergar + tbeipar 
22k beigaR  tberoak 





WY) = 
or 
) Joa {berg ar beinaRk — beigar bers aR) 
Ae, | (beig aR) + (berg aR) 
re (beig ar beig aR + berg ar bero aR) (7-5.84) 
(beig.aR)® -- (berg aR) . 7 


For the absolute value of these expressions, we obtain 





doer (berg ar)? + (beiy ar)? (7-5.85) 
LOE 2-R i (bers aR) + (beig aR)? 
The ratio 


lyr) | =, 5 berg ar)? + (bei a7)? (7-5.86) 
| yR) | V (berg aR)? + (beig aR) 


represents a Characteristic quantity of the distribution of current in a cross 
section. We shall calculate the current distribution in a cross section for two 
frequencies, a, = 31-4 (50 cycles in a second) and a, 314-10‘ (5+ 10° cycles 
in a second). For the calculation, the cgs system is appropriate. 

The reasonings above were carried out entirely in the Gaussian system 
of measure. Therefore, when transforming to the egs system, we should bear 
in mind that ¢egs — Gauss: He*. AU the remaining quantities which occur 
mn formulas (7-5.78), (7-5.84). (7-5.85), and (7 5.86) coincide in both systems. 
Thus, in the cgs system we have 


: 
av = lypom . 


Now let o -:57- 10°egs units. Then a, — 0.44-44(for w,) and ag = 44.44 (for az). 
We calculate the ratio of the absolute value of the current density (7-5.86) in 
the case of the lower frequency @, = 314 for both values, 7 = 0 and r =0.5R. 
Here we set R= 1. 

By considering the values” 


ber,0 abs 

bei, 0 —-0, 

ber, 0.222 — 1 — 0.000036 -F ++. 0.999964 , 

beiy 0.222 — 0.0123 0.000002 4. --- — 0.0123000 , 
ber, O.f — 1 0.00061 + .--. 0.9989 , 

beiy O-LEE = 0.193 — 0.0003 +--+ — 0.4990 , 


49. See KE. Jahnke and F. Emde, Tables of Spectal Functions, Dover, 1965. 
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we obtain 
JO |< o9904, 2058)| _ o.go00 . 
JR) |e JR) |r 


that is, for smaller frequencies, the current is distributed almost uniformly 
in the cross section (the skin effect is absent). 

Now we consider the second case, wm, = 314+ 10°. Since a ts large, for the 
purpose of proof we do not use the series expansion of the function ber x 
and bei x, but rather the asymptotic representations 


Jlarv -i eee eee iar’, 3) (x 9) | 


V 2rar 


EAR vO) UCaAR/ sT-02/8)) 


— 1 
I(aRV —i = V2zaR 


From this we obtain for r=0.9R and R = 


HOOK) Ly Be OF 0,28 . 
JR) Rol 
These results show a very rapid decrease of the current density with increas- 
ing penetration depth for higher frequencies. Finally, we should note that 
the skin effect in practice is often used in the hardening of metals. 


4, The propagation of radio waves on the surface of the earth 


Problems which are related to the propagation of radio waves in free 
space or in spaces with surfaces of separation, have vast theoretical and 
practical significance. A large quantity of work has been devoted to these 
questions, 

In the following discussion we shall investigate the influence of the earth 
on the propagation of radio waves which are radiated by a vertical dipole. 
We shall consider the earth’s surface to be a plane.“ 





FIG. 91 


44 This problem was solved for the first time by A. Sommerfeld in 1909. The original 
solution of Sommerfeld contained an error which was corrected by V. A. Fock. 
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Above the surface of the earth at a distance fat the point Py, we place 
a dipole which sends out periodic vibrations with frequency w. The surface 
of the earth is considered to be a plane coinciding with the plane z= 0, and 
the z-axis with the axis of the dipole (Figure 91). Now we assume that in 
the atmosphere (z > 0), ¢9 = so = 1 and o, = 0. Furthermore, we assume that 
the earth (¢ <0) has a dielectric constant ¢ and a conductivity o and that the 
magnetic permeability « 1s equal to one; « and o are taken to be constant. 

Then our problem is to determine the strength of the electromagnetic 
field generated by the dipole. The propagation of electromagnetic waves is 
described by the Maxwell's equations. 

As was shown in Section 5-4.2 the solution of Maxwell's equations reduces 
to the solution of the vibration equation for the polarization potential 3,”° 


J3+#3=0 (\7-5.87) 


with 


A . 
4 cay + tam 
kh; => age ae zZ< 0 ‘3 


c 


The relation of the potential 3 to the field strengths FE and H is given by 
the expressions 


E =k'3+ graddiv3, 

B? (7-5.88) 
H = —i—rot3. 

ko 


In our case, the vector 3 is directed parallel to the radiating dipole: 
3=(0.0,2.), 2.=Z.Ar,2). (7-5.89) 


Then if we set 


we obtain 
2 2,2 
ky = n'ko . 


Expressions (7-5.88) and (7-5.89) give 











Bis POEs. pie aap OA ee et foe GO. 75.90) 
Or Océ or 
Aa A ope on 

BME pe PREG eho tor GS. 975.015 
Or vs 49 OF 


To establish the boundary conditions for z= 0. we start, therefore, from the 
fact that the tangential components of the field strength are continuous. This 
is the case if, as a result of (7-5.90) and (7-5.91). we set 


45 Since the process here is considered an induced process, the time factor e-i#t can 
be dropped. 
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o20 = o£ , DanwZ, for z=0. (7-5.92) 
oz OZ 
We seek the solution of Eq. (7-5.87) under the boundary conditions (7-5.92) as 
a superposition of particular solutions of the form 


Jeane, (R= + 2), 


In the case of an unbounded region we obtain a continuous spectrum of 
eigenvalues 4. For this reason, the solution Z can be obtained in the form 


Z= \ Fassane" di. (7-5.93) 
0 


The sign of « is so chosen that the integral (7-5.93) converges. The next 
function F(A), still to be determined, represents the amplitude factors of the 
individual vibrations. 

Now we use the integral representation of the potentials (see Appendix, 
Section A-2.5) 


ikR 





LZ) = - ~ |" Janne 2 2 
: P (7-5.94) 
G“=VR—-R, R= Vr+ 2’). 
For this we consider two different regions: 
(a) Air (z>0). The field here has the form 
LZ = Zprim + Zsec 5 (7-5.95) 
where 
ikR 
Zprim = .s 


is the field potential of the primary excitation generated by the dipole itself 
and Zsec is the field potential of the secondary excitation which is produced 
by the current originating in the earth. 

By the use of (7-5.93), (7-5.94), and (7-5.95) we can write 


Zprim = \" dane ; (7-5.96) 
0 ft 
ee |" Rayan di. 
0 


Here F(A) is still undetermined. 


(b) Earth (z < 0). Here only the secondary excitation appears. For this 
we can write 


Z:= |" Faasoarne" ds, (7-5.97) 
0 


where 4;= hk; — 7°. Since z< 0, the signs of the exponents guarantee the 
convergence of the integral. 

For the determination of the functions F(4) and F,(4) we use conditions 
(7-5.91) which yield 
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|" sacarnertt SRO ase Od 20s 


(7-5.98) 
| Le MAS POSH EPO =O: 
0 
Conditions (7-5.98) are satisfied if we set 
LP (A) + Ey) = A5 (7-5.99) 
BPA) — n'nPs(4) = — A. 
If we solve these equations, then for F(A) and F3(4) we obtain 
Pay= 2 (1-H), 
7 a cea (7-5.100) 
F,(4) = a ‘ 
WE = fs 


If we put expression (7-5.100) into formulas (7-5.96) and (7-5.97), then we 
arrive at the following expressions for the polarization potential of the fields 
of a vertical dipole: 


Zo = [7 saanyerer = [Taner 
ct) 0 a4 


me 2\" Jlanyertss ts eee EAE 
0 Wyuet dy ft 
2 7 h aa 
Ly. = 2 Arye" Pi ot OR : 
3 \ Jol ) nL + Ls 


We denote by R= Yr? +(z—hy the distance from the test point to the 
dipole and by R’=Vr?+(z+hy the distance of the test point from the 
mirror image of the dipole and the plane z= 0. By using the representation 
(7-5.94), we can write 
tkR tkR’ 5 5 
= = qh 
Z = é é = 2\ dr pizth) Ls AGA 2 7-5.101' 
o R ae R’ _ Jo )e niu + fs te ( ) 


Now we consider a few limiting cases. 


1. The perfectly conducting earth. In this case g —» oo; consequently, | 2; | 
and |#{ tend towards infinitely. From formulas (7-5.101) and (7-5.101’) it 
follows that 

tkR ikR’ 
A= Stop ’ 21-90. 
These results can be obtained directly if we solve the problem by the method 
of images. 

2. The dipole in a homogeneous medium. In this case, kk =ky, n=1, 

and z= 43. Formulas (7-5.101) and (7-5.101’), therefore, give 
tke 
é 


eae \ Telaryetie MAGA eT 
: it R 
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that is, only a primary excitation exists, which was to be expected. 

The integral representations of (7-5.101) are too complicated for further 
investigations and for practical applications. The integrands have branch 
points and poles. Sommerfeld investigated these integrals with the help of 
approximation methods by deforming the paths of integration. He obtained 
the following approximation formula for the field in the neighborhood of the 
earth’s surface: 


tkor 





Z, = 22 


r 


— _ a 
(2 + iV/ape’—2Vp e*| ° ga? da) (7-5.102) 
0 
where the quantity » (the so-called ‘‘numerical distance’’) is related to the 
pole p of the integrand in (7-5.101) by the expression 
p= t(ky — p)r. 


Formula (7-5.102) coincides with the formulas obtained by other authors (Weil, 
Van der Pol, Fock) using entirely different methods. 


APPENDIX: SPECIAL FUNCTIONS 


A-1. INTRODUCTION 


1. Differential equations of special functions 


The method of separation of variables, as we have seen from the solution 
of simple problems in Chapters 2 and 3, leads to the eigenvalue problem for 
the homogeneous equation 


Ll y] + Jovx) = 0, (a<x<b), (A-1.1) 
where 


= AT gg GV |, ' 
Ly} =< to al gio: thx) > 0). 


x 

Because of the equation satisfied by the trigonometric functions 
y'thiy=0, yO =v) =0, (A-1.2) 
which corresponds to the case a=0,b=/1,qg=0,k =p =const, complicated 
boundary-value problems also occur. Thus, for example, the problem of 


eigenvibrations of a circular membrane (of radius 7)) leads to the Bessel dif- 
ferential equation 


5 (794) a (: = =) =0 (A-1.3) 
x 
or 


2 
(xy) ~~ y 4 axy =0, 
x 


Looe ana, oxy=x, a=O0, b= re] 


the problem of eigenvibrations of a sphere leads to the Legendre differential 
equation 
2y ty! ee 
[(1l— xv] + 4vy=0 (A-1.4) 
[kaye l—-x, gq=0,; pl, @==1, b=] 


and to the equation of the associated functions 





2 
[(l — x*) yy’) — i n yt+idy=0 
=a (A-1.5) 
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The characteristic peculiarity of these equations consists of the fact that 
the coefficient k(x), at least at one point of the interval fa, b], is equal to zero. 
Often we also encounter (for example, in problems of quantum mechanics) 
the Tschebyscheff-Hermite differential equation with 
hx) =e, p=e”, g=0, a=, b= ~; 
the Tschebyscheff-Laguerre differential equation with 
Kx)= xe", px) =e", q=09, a-0, b=”; 
and others. The boundary-value problems of these differential equations de- 
fine very important classes of special functions (cylindrical functions, spherical 
functions, Tschebyscheff-Hermite polynomials, Tschebyscheff-Laguerre poly- 
nomials, etc.). 


2. Formulation of the boundary-value problems 
in the case k(a) = 0 


We shall now investigate some general properties of the equation 
Ly] = a jaa — g(x)y = 0 (A-1.6) 
dx dx 


for the case k(a)=0. We therefore assume that k(x) in the neighborhood of 
the point @ possesses the form k(x) = (x — a)g¢(x), where ¢(x) is a continuous 
function and ¢(a) * 0. 

If a’x) is replaced by q(x) 4plx) in the differential equation, then we re- 
cognize that all of the following considerations are also valid for the equation 


Ly] + 4py = 0. (A-1.1) 
First the following lemma shall be proved concerning the solution of Eq. (A-1.6). 


Lemma. If in Eq. (A 1.6) the coefficient k(x) for x =a is equal to 0 
[A(x) = (x — a)g(x), g(a) +O) and if a solution y,(x) of this equation for x = a 
has a finite limit value [ y,(@) # ~], then every other solution yo(x) of Eq. (A-1.6) 
which is linearly independent of y,(x) is infinite for x — a. 


Proof. WU a solution y,(x) of the linear differential equation (A-1.6) is known, 
then any other solution y,(x) linearly independent of y,/x) can be found by 
quadrature. Namely, if we consider [q. (A-1.6) for (x) and y,(x), multiply 
these with y, and y,, respectively, and subtract the equation so obtained, we 
then obtain 





d 1) d ( os) d ! ' 
—(k—-—) — y,—(k - —-[k =0. 
ra ee Se ae Oe 
Hence, it follows that the Wronski determinant of the functions y,(r) and y2(x) 
is equal to Clk(x)]: 


dye dn 
"dx “dx k(x) ° 
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The constant C is different from 0 provided y,(x) and yx) are linearly inde- 
pendent. After division of the last equation by yi, we obtain 
£( aay ee 

dx\ yx) ky} 

or 

" Cda_ G, 


; - (A J.7) 
% kha)y\o) 


yx) — yilx) | 


The integration constant C, depends on the selection of the point xp. 
The function y,(x), which has a finite value for x a, can be equal to 
zero there. We assume (in particular, see Lemma 3) that 


y(t) = (x — a)”2)'x), zlaje+O, n2nd. 
The point x, in Eg. (A-1.7) is selected so that 
z(~)%#0,- a XS xy 
for y,(x) #0, a5 x4%, provided n=O]. Then for y,/x,) in the interval 
a<x Sx, the representation 


yx) = (x - ayatx tC, — Co | aa | dx} 


l 2 (0 ayn | glajailx) 


holds. Hence, by application of the mean value theorem to the integral on 
the right, we obtain for y(x) the expression 


+9 


yolx) = (x — araln{C —A | qo} ' 
C 


= ——_ { 
zak) : 


IN 
Rl 
ILN 
x 


or by calculation of the integral, 


= én a -én 
(x — ayta(x)) C -- yer ea — Ag—4 forn 0, 
yx) = 2n an! (A-1.8) 
ylxC, — Aln(x,-—a)+ Aln(x—a)| forn=0. 
In both cases, by passage to the limit x-»a we obtain lim,-4 y/%) — 1 ™%, 
whereby Lemma | is proved; for n > 0, there follows from Eq. (A-1.8) 
: C 
lim (x — @)"yofx) = ——————__ (A-1.9 
um X — GQ) ye! x) Qnigh aye, a) } 


Formulas (A -1.8) and (A-1.9) permit the following sharpening of Lemma }: 


If under the assumptions of Lemma 1 the bounded solution y,(x) of 
Eq. (A-1.6) for x =a is different from 0 [y,fa) * OJ, then y,/x) at the point 
x =a has a logarithmic singularity 


yolx) ~In(x—a,. 
If yi(x) at the point x= a has a zero of multiplicity x, 
[ yi(x) = (x — a)"2,(X) , z (a) # Of, 


then y(x) for x =a has a pole of order n, yx) ~ (x — a)”. 
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Lemma 2. If in Eq. (A-1.6) the coefficient A(x) for x =a is equal to zero, 
(A(x) = (x ~ a)g(x), g(a) # 0], while the coefficient g(x) as x-»>a@ either remains 
bounded or approaches +00, then for each solution y,(x) of Eq. (A-1.6) bounded 
at the point x =a, we find 


lim A(x) vi(x) = 0. 


Proof. We consider first the case that g(x) as x—»a remains bounded. By 
integration of Eq. (A-1.6) over [x, x,] with x < x,, we obtain 


ax = R(x ay 


dx dx 





Eat 
_ | ge) wW(a) da = Q(x), (4 <x). (A 1.10) 
xray x 
Hence, we find that Q(x) for a= x <x, is a continuous function. If we now 
carry out the passage to the limit as x a, we see that the limit value 


C = lim A(x) yilx), (C= Qa) 


exists. Now we shall prove that C = Q(a)=0. For this purpose, we express 
yi(x) through Q(x): 


*2 O(a) 


w(x) = w(%2) — | ha) da 
= yi(a2) — \ ae da, (aSx<%). (A-1.11) 
x (a — a)¢(a) 


From this expression, we can immediately see that in the case Q(a) #0 as 
x— a, the function y,(x) approaches infinity. 

However, this contradicts the boundedness of y,(x) for «=a. Therefore, 
Lemma 2 for the case of a bounded q(x) is proved. Still remaining to be 
considered is the case that g(x) for x a tends toward +0oo. Expression (A-1.10) 
also holds in this case. Let the function g(x) in the interval a<x< x, be 
positive. Then the function y,(x) in this interval is monotone.” 

Moreover, in a fixed interval a<x< x, it keeps the same sign and as 
x—a has a limit value y,(a). Consequently, Q(x) in this interval must be a 
monotone function which, for x = a, has a finite or infinite limit value. From 
expression (A-1.11) it now follows again that y,(x) > co, when Q(a) #0. Thus 
Lemma 2 is completely proved. 

For the next discussion we note that from Eq. (A 1.10) and from the 
condition Q(x) > 0 as xa, the expression 


Zz 


1 
Wet.) yan) = | gla) y(ee) da (A-1.12) 
follows, irrespective of whether g(x) is bounded or not, (q(x) > 0). 


46 Thus if we set € = \''dx/k(x), then Eq. (A-1.6) can be written in the form 
y’ —kqy =0, (k>0, g>O0). 
However, it follows that y cannot have positive maxima (negative minima) since at such 
points y’’ <0 (y// 2 0), but necessarily y > 0 (y < 0). 
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Lemma 3. If y,(x) is a bounded solution of Eq. (A-1.6) for «=a and q(x) is 
continuous in the interval @ < x < xm, then y,(a) #0 and yi(a) = (qa) y1(@)] ea). 

If q(x) possesses the form g(x) = [q,(x)|/(x — a), where q(x) is continuous 
and q,(a) > 0, then y,(a) = 0. 


Proof. The second part of the lemma follows, on the basis of expression 
(A-1.12), directly from the convergence of the integrals 


| ga) va) de = | ry 7 vila) da . 
a a \& 
However, this is only possible when y,(a) = 0. 


If g(x) is a continuous function in a< x < x,, then, since x, is arbitrarily 
selected in expression (A-1.12), we obtain 





(x) = — 


aes | Haw ae: (A-1.13) 


Consequently, the function y;(x) must be bounded in a fixed interval 
a@<x <x, and there the limit value of y,(x) as x— a must exist. Now if we 
carry Out the passage to the limit as x--»>@ in Eq. (A-1.13), then we obtain 


g(a) v,(a) 
g(a) 


Consequently, y,(@) = 0 implies yi(a)=0. We shall show, then, that y,(x) = 0 
[the direct application of the uniqueness theorem is not possible here, since 
x =a isa singular point of Eq. (A-1.6)]. Let |g(x)| < ¢ and |g(x)| = ¢ > 0 for 
aSfxsx. 

We consider the interval (a, a + h#), where / is a sufficiently small number, 
so that h(q@/p) <1 and a+h<x,. Thus from Eq. (A-1.13) it follows that 


lim yi(x) = = y\(a) . 





= , l abe 7 v = 
(a) = Nees Tay, Met) Hee) dea) des» (33(@) = 0). 


Let the function y,(x) in the interval (a2,a +h) assume its maximum y,(x%)) = A 
at x =x). By application of the mean value theorem we obtain 


= 
mlm) = AS Aq- (xo -@<A, 


i 


whereby our assertion is proved. 

Lemma 4. If the function g(x) has the form q(x) = [q,(x)|/(x — a), where q,(x) > 0 
for @<x< xm, then every solution of Eq. (A-1.6) bounded for x =a has the 
form y\(x) = (x — a)’2(x), where v = V’[q,(a@)\/[e(@] and 2(x) is a continuous and 
differentiable function in a< x < x, with z(a) #0. 


Proof. If we set (x) = (z— a)’2(x), where v is a fixed number, then from 
expression (A-1.12) we obtain 


vk(x)(x — a)’ '2(x) + R(x — oft = | aa) ya) da . (A-1.14) 
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By partial integration, therefore, 


| gla) via) da \ Rens — ay |aa) de 


ate (a — a) 








= 2(ayida)| _ | waz (a) da, 
where i io 
ula) = | Her) fe, — a) da, 
a (a ara a) 
= GG) —ay t+ | gla) = a — a) da, = Qld) — ay’ + ua). 
y a (a,— a) v 


Next, we conclude from the expression 2/a)u'a) = y,(a)[qi(a)/v) + [ty (a)/(a —a)"] 
that lima. 2(@ula) = 0. Since w(a)/(a — a) for aa is bounded, by Lemma 
3, lima ¥i(v) = 0. 

Further, for z’(x) we obtain from Eq. (A-1.14) 


, (x) ‘ , 
z(x) = an| a 4- we = | ula)z (a) da 
(x—a) k(x-— a) 4 (A-1.15) 


= 2(x)U(x) — | aye'(a) da. . 


Now if we choose v = q,(a)/o(a), then it follows that the function 





oy 2(X) = 2¢,(X) 
BS (x — @) a k(x — ay k(x — a)” 


is continuous and differentiable foras<xsx,. By differentiation of Eq. (A-1.15), 


2'(x) = [U(x) — ulx)J2'(x) + U' (x) 2(x) (A-1.16) 
follows. 

The point x =a is not a singular point of Eq. (A-1.15). Thus it follows 
that the function z2(x) for aS x <x, is continuous and possesses there a con- 
tinuous derivative. By passage to the limit in Eq. (A-1.15) as «a, we find 
further that 

z'(a) = 2(a)U(a) . (A-1.17) 


Formula (A-1.17) shows that z2(a) #0, since otherwise z(a) = z'(a) =0, which 
would mean that z = 0. 

We point out that the function U(x) for x =a is continuous if we assume 
the (once) differentiability of the function q,(x), whereas in order to guarantee 
the differentiability of U’(x), the differentiability of o(x) and the twice differ- 
entiability of q,(x) is assumed. Lemma 4, however, can be proved without 
the differential equation (A-1.16). Instead we can consider Eq. (A-1.15) as an 
integral equation for the function 2(x). To do this it is necessary to require 
only the continuity of the function U(x). 

This lemma permits the following conclusion in the formulation of boundary- 
value problems for the equations 


Lv] + Zev = 0 and Ly lS0 5 
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when the coefficient function A(x) is equal to zero at one or both end points 
of the interval [a, b] under consideration. If k(a)=0, then for x = a we impose 
the requirement that the eigenfunctions be bounded. This does not require 
that they assume a prescribed value for x = a. 
In this manner we arrive at the following boundary value problem: 
Determine the eigenvalues and eigenfunctions of the equation 


eee eee ee 
Ly] = aka A Qa: Vai. 


in which k(x) > 0 for x > @ and k(a) = 0 which Satisfies the boundary condition 
y(b) =0 


and the boundedness condition for x = a. 

If ka) =0 and k(b) =0, then at both end points of the interval {a@, 6] the 
boundedness is required. 

Now we shall formulate the general properties of the eigenfunctions and 
eigenvalues of this boundary-value problem: 

1. There exist infinitely many eigenvalues 4, < 4, < +++, which correspond 
to the eigenfunctions 


lH) YX), oo os WalX)r vee 
2. For g 20, all eigenvalues are nonnegative: 
Ane Oi, 
3. Two eigenfunctions y,(x) and ym(x), Which correspond to the different 


eigenvalues 4, and 4m, are orthogonal to each other with respect to density 
p(x): 


5 
| VnlX) Vm(X) p(x) dx = 0. 


4. The expansion theorem. A function f(x), which has a continuous 
first and a piecewise, continuous second derivative, can be expanded in an 
absolutely and uniformly convergent series with respect to the eigenfunctions 
nlx): 


_ > _ SS fl) y n(x) 0(x) dx 
i ea eae aaa CET 


when it satisfies the boundary conditions of the problem. If &(a)=0, we 
obtain 





iS(a)| < co for gla)< o, 


fia) =0 ~ for q(x) = te) » (qi(a) #0). 
x—a 


Properties 2 and 3 were proved in Section 2-3 by means of Green’s for- 
mula. Here, the boundedness of y,(x) for x =a was used as well as the 
equation lim, .. k(x) y,(x) = 0 proved above. The proof for properties 1 and 4 
is usually carried out by using the theory of integral equations. We shall 
not go into this proof now. In order for properties 1 and 4 to hold, it is 
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sufficient to require that the function A(x) including its derivative be continuous, 
while g(x) either is continuous or possesses the form q,(x)/(x — a), where q,(x) 
is continuous. These conditions are satisfied for the classes of special func- 
tions to be investigated in the following discussion. 

Our boundary-value problem is equivalent to the integral equation 


b 
yx) = 4 G(x, 8) y(€) (6) dB . 
By means of the substitutions 


(nN=Voeaye), Kn =VpaG, )V® ; 


this substitution leads to the integral equation 
6 
v(x) = 2 Kx, O96) a8 


with the symmetrical kernel K(x, &). Here G(x, €&) is the Green’s function for 
the equation L[y]=0. For the case k(a)=0, k(6) #0, y(b)=0, it is defined 
by the following conditions: 

1. For fixed &, G(x, €) is a continuous function of x. 

2. The first derivative dG/dx has the discontinuity at x = é 


dG x=€tO ] 
dx|meo  —«REE) 


or 
1 
G(é+0,6& —G(é-0,4 = -—~. 
(€ €) (€ é) WE 
3. With the exception of x = &, L[G] = 0 everywhere. 
4. G(x, &) satisfies the boundary conditions 


Gad<o, Gb664=0. 
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1. The cylindrical functions 


In the solution of many problems of mathematical physics one often en- 
counters the ordinary differential equation 


d’y | 1 dy ne 
Be (at Vp 
dx? = x dx a a) 

or (A-2.1) 


ld 2) ) 
Rae PALO Ver Gy amen eee 
x ai \*ae a re od 


the so-called differential equation of cylindrical functions of the mth order. 
Usually, we also speak of the Bessel differential equation of the #th order. 

Characteristic problems (see Chapters V, VI, and VII) which lead to cylin- 
drical functions are represented by the boundary-value problems for the 
equation 





dut+ku=0, (A-2.2) 
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if the region considered is exterior or interior to a circle (the region outside 
or inside of a cylinder for three independent variables). In polar coordinates, 
Eq. (A-2.2) assumes the form 





1 a4 ou 1 au 2 
= (¢— + aa t hu=0. (A-2.3) 


r or\ or 


If we set «:= R@ and if the separation of variables is carried out in Eq. (A-2.3), 
we obtain 


and 
p’ +j0=0. 


From the periodicity condition for #(;), it follows that 4 =n’, where m is an 
integer. Now if we set x = kr, then we arrive at the differential equation of 
cylindrical functions 


2 
4 £ (2) a (1 = ay 0, Rr) = yr) 


or 


For the case of the solution of the wave equation (A-2.2) with radial (cylin- 
drical) symmetry, the Bessel differential equation of zeroth order is obtained: 


la dy wt ] , 
rar (<2) y or yvo+ en + y 


1. Power Series. The Bessel differential equation of the vth order 
yi 4 —y - (2 — “hy = (A-2.1") 


or 
xty!’ 4 xy ae (x? = vy 2h (A-2.1') 


(let v be an arbitrary real or complex number whose real part we can assume 
to be nonnegative) possesses a singularity for x = 0. Consequently, we shall 
seek the solution in the form of a power series*’ 


y(X) = X°%(Qq + ak 4 gx? ee te a 4e0 ee) (A-2.4) 


which begins with x°. The characteristic exponent o remains to be determined. 
We substitute the series (A-2.4) into Eq. (A-2.1’). All the coefficients of the 
powers x’, x°"', ...,x°"* thus occurring must be equal to zero. For the deter- 

17 See W. W. Stepanov, Textbook of Differential Equations, VEB Deutscher Verlag 
der Wissenschaften, Berlin, 1956. 
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mination of o and the coefficients a,, we obtain the system of equations 
ala = vy’) = 0 , 
alia+1"~—-vJ=0, 
afia+2)/?—-v)+a=0, (A-2.5) 


allatk?—v)+auy.2=0, 
(k= 2,3,...). 


Since we can assume that a, # 0, then from the first equation of system (A 2.5) 
we find the characteristic exponents 


o—v=0 or g = icky. (A-2.6) 


The other & equations represent.a system of equations for a,. We write 
the Ath equation (k » 1) of system (A-2.5) in the form 


(ga +k+vulo+k— via, + a= 0. (A-2.7) 


In the following consideration we now exclude the case that o+ y or 
a — »y fand, correspondingly, —2v) is equal to a negative integer. 
Then, from the second equation of system (A-2.5) there follows 


a, =0 (A-2.8) 


because of the exponents (A 2.6). 
Furthermore, Eq. (A-2.7) for all following coefficients a, (k > 1) yields 
the recursion formula 


6-H _s (A-2.9) 
(a+ k+ vo +k - v) 
from which we can determine @ when ad, 2 is Known. 

From formulas (A 2.9) and (A-2.8) it is apparent that all odd coefficients 
are cqual to zero. If v is real, then for p = —y the solution at the point x = 0 
is infinite. 

Now let us consider the case o:=v. From formula (A-2.9) it follows, 
therefore, that cach even coefficient can be expressed in terms of the previous 
even coefficients: 

] 


=. A-2.10 
2?n(m + v) ( ) 


om — —C2m-2 


By repeated application of this formula @2, can be expressed through a: 


Uy 


— t  —,, A-2.)1 
2 nt (y + Vv -f 2) +++ (vy om) ( ) 


loam — ( 1)” 


“ that is, 


Now we use the property of the /’ function, 
M(s+ J) — sl(s) +++ — sls J)-++ (s—al(s— nn). 
If s is an integer, then 


Mis-} 1) ost. 
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The coefficient @ is still arbitrary. If v-+ 2 where n > 0 denotes an integer, 
and if we set 


lites Tet, (A 2.12) 
and consider the above designated property of the /’ function, then we obtain 
Aap = (- re , (A 2.13) 

QT (Rk +I (R + 4-1) 

However, if o = —v with v # », and if we set 

Hip SED : (A 2.12’) 

where #2 > 0 is an integer, then we obtain the relation 
ney (A-2.14) 

2 Mk +1 (k-— v +1) 


Series (A 2.4), corresponding to the case o = »v 20 with coefficients (A 2.12) 
and (A-2.13), 


48 The function /‘(s) defined by the formula 
(8) = ( e tx ldx for s +0 
0 
is called the Gamma function. The variable s must also assume complex values: 
$ = 80 + i81, so >0. 


We list the basic properties of the /' function: 
(a) Partial integration in the formula for /'(s) gives 


I(s4+1)= (P enrxt dx = —-—e *x* 
0 





i 4+ s\ e ret Vdx = sI(s), 
0 0 


and thus 
(3 +1) = s8/(s)- 


(b) For s=1, there follows directly 





rye. 
(c) If s =m is an integer, then from (a) and (b) we find 
PMin+ljb=n!. 
(d) For s= 4, 
Is) — 7G) = (" dx -2\"e Pde=Va. 
0 Vx 0 
and thus 
RQ) - Vane 


(e) The functional relation 
I'(a + 1) = sf(s) 
also permits us to define the /’ function for negative values of g. It is defined by 


(s 1 
(0) ara = «9 


and 





(- 1 (0 
ee a —_ ) xe 
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ea) : 1 x thir 
x ee k . chen) F (A 2,15) 
JAX) k ic Te 1 IAC dv d IK 2 
is called the Bessel funetion of the first kind and the vth order. The series 
ow k 2k ov 
yan) ¥ Call (>) (A 2.16, 
eolhtkh | DIMk vt DK2 
which corresponds to the case a vy, represents a second solution of (A: 2.]). 


It is linearly independent of JQ). Series (A 2.15) and (A-2.16) obviously 
converge in the entire wv-phine,. 
We shall now consider the case where v is to equal to 4 of an integer. 
Therefore, let v? Gi | 4) where nw 0 ig an integer. Then, if in (A 2.5) 


we selo on t 4, we obtain 


208 | Da, 9, 
kik 1 2d Dap dl aden 0, (k~ 1). 
Consequently, 


dks 


a ae ea 
_ ee Mk) 2nd 


By repeated application of this formula we find 


(- 1) 
Dedin es (DRY Qu + B20 | 5) +++ (2nd 2k + 1)" 


Con 


For v- on t & we therefore obtain formula (A 2.11), 
Furthermore, if we set 
l 


a aay ner al 2) 


then formula (A-2.13) results. 


Now let 


0 —n—4. 


Then qs. (A 2.5) for the coefficients a, assume the form 


aye lC 2a) -0, 


kk — 1 — 2ey-l ae gO. 


As stated earlier, all odd coeflicients ay. da,.... dan 1. are equal to zero, 
While for @z,,, We obtain the equation 


Ordena cl Gan y Oh 
Which ts satistied for each value of @aniy. Por ky Qari, can be caleulated 
from the equation 


( 1)* "dont 


Crk aa Pe a ee 
i (Za f S20 fb Oye Bede (QR 2an) 
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For @on+1 = 0, 


1 


= aS 
oo ds — a) 


gives formula (A~-2.14). 

Therefore, the case v == !:(m +4) requires no change in the definition of 
the functions J,(x). Formulas (A-2.15) and (A-2.16) retain their validity. 

Formula (A-2.16) defines J ,(x) only for fractional values of v, since the 
definition of @ according to formula (A-2.12) loses its meaning for negative 
integer values of vy = —n. We shall now extend formula (A-2.16) to integer 
values v=. Since /(kR—n+1)= co for RS ky =n-—1, and if for con- 
venience we set 1//’(k — 2 +1)=0, the summation in formula (A-2.16) actually 
begins for k= kp +l=n. If in formula (A-2.16) the summation index is 
changed by setting k = n+ k’, then we obtain 


x 


7 2 (—1)" x Qk! =n - 
Jo = (IS aor ae) CUA, 


o1(k' +n+ VIR +1) 

since the summation now begins with k’ = 0. 
In the following discussion, we give, as an example, the series for the 
Bessel functions of the first kind of zeroth order (#7 = 0) and of first order 


(n = 1): 
won t-(3) +ap($) ~ al) + 


Jia) = = — +(4) + sa (=) coy 


Exact tables exist for the functions Jo(x) and J,(x) which often occur in 
applications.*” Towards the end of this chapter we give the graphical repre- 
sentations for J)(x) and /,(x). 

The functions /,(x) and J.,(x), as already stated, are linearly dependent 
for integer values 7: 


J-nx) = (-1)"Ja(x) . 
For noninteger values of v, J/,(x), and J_,(x) are linearly independent. At the 
point x = 0, J,(x) possesses a zero, while J_,(x) has a pole of order vw there. 
Consequently, if v is not an integer, every solution /,(x) of Bessel’s equation 
(A-2.1) can be represented as a linear combination of the functions J,(x) and 
J-u(x): 
yx) = Ci I(x) + Cy JX) . 
If a bounded solution of Eq. (A-2.1) is sought, then C, = 0: 
s(x) = C1 Ji(x) 


49 Almost all tables for the special functions also give tables for the Bessel functions 
of the first kind. For example, E. Jahnke and F. Emde in Tables of Bessel Functions 
(Dover, New York, 1945) give five-place values of Jo(x) and Ji(x) for x from 0 to 14.9. 
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2. Recursion formulas. Between the Bessel functions of the first kind 
the following relations 





£ (22) — at A-2.17) 
ax\ x x 

4 jx) 20% Jett) A-2.18) 
ax : 


are valid. These formulas can be derived directly by differentiation of the 
corresponding series for the Bessel functions. We shall prove the validity 
of expression (A-2.17) as an example. First we have 


d ie S ae af 
ve (42) = xx — >» (la 


ax\ x* 2° eel RIMk+ y+ 1) 
es 1 x 2keov-l 
Se =) 
2, ( ; Renee 


In the last sum, the summation is extended over k from 1 to o~. In _ place 
of & we now introduce the summation index / = k — 1, which extends from 
0 to co. Then 


» a £2) = = 4a 1 ra para Ts _ 
rrr ile SES TENCE ST EST CP, Sues 


whereby (A-2.17) is proved. The validity of formula (A-2.18) is proved 
analogously. 

We shall now establish two important special cases of the recursion 
formulas. For »y=0, we find from formula (A-2.17) that 


Jo(x) = —)(x) » (A-2.19) 
and for »y=1, from formula (A-2.18), that 





[xA(x)]’ = xfolx) or xf(x)= | EJi(é) dé. (A-2.20) 
0 


Finally, we establish a few more recursion formulas which relate /,(x), Ji4(x), 
and /,_,(x) with each other. By differentiation of formulas (A-2.17) and (A-2.18), 
we first obtain 


zit POET Git (A-2.17’) 
2H) + fie) = Jrlx) « (A-2.18’) 


Addition and subtraction of formulas (A-2.17’) and (A-2.18’) then gives 
2s 
JG) + feilzy = = JAH) ; 


Jai(%) = jf (%) = —2).(x) . 


By means of formulas (A-2.21), /14,:(%) can be calculated if /,(x) and /,-,(x) 
are known: 


(A-2.21) 
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Jini(x) = —fi-(x) + 


2vj(x) (A-2.21’) 
a ; 


3. The Bessel Function of the first kind of order n+ %. First we shall 
derive simple representations of the functions J,;(x) and J_,;2.(x): 


co (—1)” x 1/2+2m A 2 99 
Ais) = Depart were oy ; (A-2.22) 
oo (—1)” ae 
. = — st  ( A-2.23 
F-unks) Pe mi (e+ al 2 ( ) 
From the properties of the J’ function we find 
rgt+m)= S30 en + Dry) , 
(A~-2.24) 
1-3-++ (2m —1 
PQ + m) = ry, 
where 
FH WF » 


By substituting Eqs. (A-2.24) into Eqs. (A-2.22) and (A-2.23), we obtain 
2 has (—1)™ 2m+) 





Anka) = nx x Qm +1)! ‘ (A-2.25) 
Janie) = J% § "20 (A-2.26) 


zx m=0 (2m)! 


The sum in Eq. (A-2.25) obviously represents the expansion of sin x, and the 
sum in Eq. (A-2.26) that of cos x in powers of x. In this manner the func- 
tions J,,(x) and jJ-1,.(%) can be expressed by elementary functions: 


Ayjlx) = /2 sinx, (A-2.27) 


2 
J p(x) = \2 cos x. (A-2,28) 


Now we consider the function J,+1/.(x) for integer». From formula (A-2.21’) 
it follows that 





jhe = = fla) —Jiplxs= \=(-208 x+ = =) 
= 2 [sin (« = oD) af oa Cos (« i 5) ; 
Jspo(X) = (2 {-sin be =| sin (« ~ = a = cos (« = =) 


= = {sin (x — =)(1 es =) + cos (x — n= 


By repeated application of formula (A-2.21’) we finally obtain 
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JatiplX) = (2 {sin (« — *2\P.(—) + cos (= — *=\a.(—)} , (A-2.29) 


where P,(1/x) is a polynomial of the mth degree and Q,(1/x) is a polynomial 
of the (#2 — 1)th degree in 1/x. Thus P,(0)=1 and Q,(0) = 0. 


4. Asymptotic representation of cylindrical functions for large x. We 
shall show that each real cylindrical function for large x can be represented 
in the form 


_ , sin(x + 4.) 1 e 
yl) = pe EO + o(s ae (A-2.30) 





Here, 7. #0, d. is a fixed constant and 0(1/x*/?) denotes those terms*’ whose 
order is not smaller than 1/x*””. 


Now we set 





ie van (A-2.31) 
and calculate the derivatives 
y= — 0.50 Py to Y , 


yy = Pra ae Tied a2 Py! et 0.75 xy : 


If we put these expressions into Bessel’s equation, we obtain the equation 





241 
ea Ca =*)=0. (A-2.32) 
x 
This equation appears as a special case of the equation 
v’ +uv+o(xv=0, (A-2.33) 
where 
o(x) = o(=) (A-2.34) 
Now we set 
v=ysin(x+ 6), v' =ycos(x +4), (A-2.35) 


where 7(x) and 6(x) are determinate functions of x. For all x, 7(x) must not 
be equal to zero, otherwise v and v’ vanish simultaneously, which would mean 
that v(x) is identically equal to zero. From expressions (A-2.35) and (A-2.33), 
we obtain 

v =ycos(x+46)=y7' sin(x + 6) + 7(d’ + 1) cos(x + 5), 
v'’ = 7’ cos(x + 6) — 7d’ + 1)sin(x + 6) = —(1 4+ p)ysin(x +). 
From these expressions we find 


i =osint(xtd), d= o(=) (A-2.36) 


fie ane = osin(x + d)cos(x+ 6) = o(=) ; (A-2.37) 
y tg (x + 0) x 


50 Q represents the so-called Landau symbol. 
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We shall now show that 7 and 6, as x-»00, approach a definite limit 
value. First we write 


6(x) = 6(a) — [a ds , 


from which, because of Eq. (A-2.36), it follows that the limit value lim,_... 6(@)=6.. 
exists and 


(x) = Ba + o(—) (A-2.38) 
Analogously, from Eq. (A-2.37) it follows that 


(x) = To ( - o(=)) (A-2.39) 


where y.. # 0. 
Moreover, each solution of Eq. (A-2.36) and, consequently, each solution 


of Eq. (A-2.32), as x > 0, has the form 
OSs eS: o{-) (A-2.40) 


whereby the validity of the asymptotic representation (A-2.30) for an arbitrary, 
real cylinderical function y,(x) is proved. 

We shall now show that there cannot exist two distinct real cylindrical 
functions whose asymptotic behavior coincides. To do this, we assume the 
existence of two different cylindrical functions y,(x) and ¥,(x) for which 


Tos = Ves , 6x0 = Geo . (A-2.41) 
The difference 
HAH) = YX) — P(x) #0 


of these functions is likewise a real cylindrical function which, because of 
(A-2.41), shows the following asymptotic behavior: 


: 1 
Ix) = O(n) ; 
However, this contradicts formula (A-2.30), which is valid for each cylindrical 
function. Consequently, j,(x) = 0 and y,(x) = yx). 
The values of the constants 7. and 6. can be calculated by additional 
considerations which give 


p= \4 for all v. 


- 
a 


In Section A-2.1(3) we derived formula (A-2.29) for v= 2+ 4 from which 
we obtained 


Insite) = iZ sin (« L = + O(n) (A-2.42) 
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Previously the following asymptotic formula for /,(x) was derived, if » =» 
is an integer: 


Ix) = 2 cos (2 — oe _ =) + O(n) ; (A-2.43) 


By investigations based on the representation of the functions /,(x) and 
/ .(x) by means of contour integrals in the complex plane, we can show 
that formula (A-2.43) is also valid for arbitrary ». Here we obtain 


_ [2 eee ae : 
J tay = 2008 (2+ =» +) + O(n). (A-2,44) 


2. Boundary-value problems for the Bessel differential equation 


The simplest boundary-value problem for the Bessel differential equation 
‘we consider this in the interval [0,7)]) is connected with the problem of the 
eigenvibrations of a circular membrane: 


ew A0, ee 2 (7) ee ne (A-2.45) 
r or\ Gr r° ay 
Ur, Ploeg =O. * (A-2.46) 
If we set v(r, v) = R(r)O(y) and carry out the separation of variables, we obtain 
o'’ + 0=0, (A-2.47) 
a £(rS) 2 (: 2 2)R Sy: SRG (A-2.48) 
ry dr\. dr r 


If we let @(~) be periodic, then » =n’, where n is an integer. The function 
Rr), therefore, satisfies the Bessel equation 





2 
L[R]) + wR =0, (418) = f(r) = = R) (A-2.49) 
dr\. dr r 
with the boundary condition 
RU) = 0 (A-2.50) 
and the boundedness condition 
|R(O)| < 00 (A-2.51) 
at the point y=0. Then if we set 
x=Var, we) =Ri)= R( ==) (A-2.52) 
Vi 
we obtain the equation 
2 
ae <(*@) + (1 = =) =0 (A-2.53) 
x dx\ dx x 
with the auxiliary conditions 
VO, Pty) =O, (A-2.54) 


| v(0)| < co. (A-2.55) 
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Thus we find 





v(x) == ASi(x) . (A -2.56) 
Because of the boundary condition yt’ 2) = 0, rm17 a = IG 
FAf) = 9 (A 2.57) 
is valid. This transcendental equation obviously possesses infinitely many real 
roots yy fa se. fae) that is, Eq. (A-2.45) has infinitely many cigenvalues 
nhy 2 
gers (“-) 5 G1 2), (A-2.58) 
Yo 
which correspond to the eigenfunctions 
Cn) 
RW) = A (2 r) (A-2.59) 
ia 


of the boundary-value problem (A -2.45), (A-2.46). From the type and manner 
in which the eigenfunctions have been constructed, it can be seen that all 
nontrivial solutions of the boundary-value problem ¢onsidered are represented 
by formula (A-2.59). 

From the above consideration of the general theory of equation 


Liv] + Zev = 0 


follows the orthogonality of the system 





of cigenfunctions with respect to density r: 


ai) (nn) (n 
| J( r) jars dr =O for amy # nity. (A -2.60) 
0 Yr Yr 


0 0 





We shall calculate the norm of the eigenfunction R,(r) = Ja(air) with 
a, = ft. /ro>- For this we consider the function R.(7°) = Jx(aar), where a, is an 
arbitrary parameter. 

The functions R,(v) and R,(r) satisfy the equations 


2 
5 (re) + («ir — = \R, =0, 


d / dR, F nw? 
aie, wrw—-—)R,=0. 
dr (r dr ) as («ir r ) : 


Thus R,(7)) = 0, whereas F,(r7) still does not satisfy this boundary condition. 
Now if we subtract the second equation from the first, after which we multiply 
it with R,(r) and R,(v) and then integrate with respect to 7 over the interval 
[0,7], we obtain 

ro 
(a= a’) | rR\(r)R(r) dr + [7(R2Ri — R,R3)]|.° =0 


10 





51 On p. 000 a table of the roots of the equation Jo(u) = 0 is given. The first root 
is (0) = 2.4048. 
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and, therefore, 
ro P ! , 
r WoF'o ee Mr) — 7 Foe (2%) 
R, R.r dr = oI nf 2 0) Jal 1 0) otal 1 0) ad nf 270 
0 MW — M2 
— LoTnlear dees Ja(erto) 
« = G 


Now we carry out the passage to the limit #,—-«a,. Then for the norm 
of the expression we obtain 


N= ["rRie) dr = 2 Jord 

or : (A 2.61) 
TO (n) 
| n(& r\rdr= Le PN 


In particular, the norm of the function J,((j¢m'/ro)r) equals 


TO (0) 
| pi(& rr ar = pus (Oy (A-2.62) 
0 Yo 
Because of the general properties of the eigenfunctions of the boundary- 
value problem and on the basis of the above observations the following ex- 
pansion theorem holds: 


Theorem. Every twice differentiable function f(r) which for r = 0 is bounded 
and for r = 7 is equal to zero can be expanded in an absolutely and uniformly 
convergent series 





f= 3 Ander), 


0 


in which 
| “f0) (E “rr dr 
A, = —_—_—__+——_.. 
Nin 
Nin = FEL pu i ins 
The second boundary-value problem for the Bessel equation 
R'(%) =0, 
R(O) < oo 


is solved analogously. The eigenfunctions and eigenvalues are again expressed 
by formulas (A-2.59) and (A-2.58). Here, by se,’ is understood the mth root 
of the equation 
I) = 0. 
The eigenfunctions of the problems are orthogonal to each other with 
respect to density r ee formula (A-2.60)]. For its norm we have 
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The third boundary-value problem is also solved analogously. In this case 
for the determination of pz, there results an equation of the form 


IQ) =A CO - 


3. The different types of cylindrical functions 


1. Hankel functions. In addition to the Bessel functions of the first kind 
J.(x), there are still other types of special solutions of the Bessel equations 
with great significance in applications. The Ilankel functions of the first and 
second kind H,'''x) and A{?'(x) belong to them. With these functions, which 
are conjugate to each other, one can treat complex solutions of the Bessel 
equation. From the standpoint of physical applications, the asymptotic behavior 
for large values of the argument 


2 
1) = | 
Hy, (x) Ve 


tle on/p ond 


aes tA (A 2.63) 


Hi?'(x) — Jee tix -in/2ey ac4 eG (A 2.64) 
appear as basic characteristics of the Hankel functions. The dots here denote 
those terms which are of higher order smaller than I x. If the real and 
imaginary parts in the Hankel functions are separated, then we obtain 


Hi'(x) = Jie) + iN) , (A.-2.65; 
Hy? (x) = f(x) — iN, (x) , (A-2.66) 
where the functions 
Ji) = 3(Hi'(x) = Ho], (A-2.65') 
Nx) = Ss [H Mx) — H,?'(x)] (A -2.66’) 
1 

have asymptotic behavior 
J ix) = \= cos (= — = a =) bores, (A-2.67) 
Nix) = l= sin (« -+y =) Bde (A 2.68) 


which follows from formulas (A-2.63) and (A-2.64). 

As will be shown later [see Section A-2.3(3)], with the functions /,‘x) 
introduced here, we can actually treat the Bessel functions of the first kind 
which were considered in Section A-2.1. The imaginary part N,(x; of the vth 
Hankel function is called the Neumann function or the cylindrical function of 
the second kind of vth order. 

Formulas (A-2.65) and (A-2.66) represent the relation between the Hankel, 
Bessel, and Neumann functions. They correspond to the relation that the com- 
plex exponential functions have with the sine and cosine functions : Fuler’s 
formula). The asymptotic formulas (A-2.63), (A-2.64), (A-2.67), and (A-2.68) 
underlie this analogy. 
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From the investigation of the solutions of the wave cquation 


2 
Ur, = A (Ulex + Uy)» 


we see that the amplitude v(x, y) of a forced vibration 


twet 


u(x, y, t) = v(x, ve 


satisfics the vibration equation 


2 


2 
i gay cee iA aces he aO (B= 4). 


If the solution of the vibration equation is radially symmetric, that is, 
u(x, y) = v(v), then the function v(kr), as was noted in Section A-2.1, satisfies 
Bessel’s equation of zeroth order. 

Therefore, the functions 





th) wwt 2. Ronee 1 Bik A2 69 
Hyikne’ = aa are ao = | (A 2.69) 
and Te  VESers, 
Ho (kre = [2 pierce tose (A 2.70) 
Vikr 


represent solutions of the vibration equation which exhibits the character of 
a cylindrical wave. The function Hy’ (kre corresponds to a divergent 
spherical wave, while the function J/)''(kr)e*’' corresponds to a convergent 
spherical wave.” 


2. Hankel and Neumann functions. As was noted in Section A-2.1, each 
solution of the Bessel equation can be expressed through the functions /,(x) 
and J_,(x) with noninteger order v. We shall now determine the relationship 
between the functions //,"', H,”', N, and J,, J-y. 

Since each solution of the Bessel equation for noninteger v can be re- 
presented as a linear combination of the functions J,(x) and J-.(x), 


He (®) = Cx) + CrJ-v(x) 5 (A-2.71) 


where C, and C, are constants still to be determined. For the principal term 
of the asymptotic representations there obviously exists the analogous equation 


vx tix--(7 ad 2 = 7 
ei" (r/2ly- m/d) = C, —cos{/*——yv- — 
mx mx 2 4 


ny io a (A-2.72) 
+ Cr [= cos («+ 3” _ a) : 


4 


Next we transform the argument of the second summand to the form 
(x — (x/2)v — 2/4): 


cos (« hay _— a) = Cos (: _ es _ -) + ny | 


a re . nr a . 
= cos(x — —y— —)coszy— sin(x —- ~y»— —)sinzy. 
( 2 z) ( 2 7) 


52 We take the time factor e~*“', so that H{"'(kr)e—*”' corresponds to the divergent 
and H!?'(kr)e~*’! to the convergent spherical wave. 
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Now if we divide both sides of Eq. (A-2.72) by //2(=x), then by using Euler’s 
formula we obtain 


cos(x— Sv — 1) +isin(x-Fy— 2) 


=(C + Cz 08 nv) cos ( # — ies FT) Casinzvsin(x~ Fo), 


from which it follows that 








C,+ C,coszsv=1, —C,sinzy=1 
or 
ane : mv’ 
ase (A-2.73) 
C, = £08: zy —isinzy _ _—CGe* 
isin xv ; ; 
By substituting (A-2.73) in (A-2.71), we find 
Has (xe — f(x). (A-2.74) 
Analogously, we obtain 
H," (x) = [Jixe” — J-(x)) . (A-2.75) 





isin xv 


Now if we use formula (A-2.66’), by which the function N,(x) is defined, then 
from formulas (A-2.74) and (A-2.75) we obtain 


J Ax) cos zy — ae 


sin z 


N(x) = (A-2.76) 
Formulas (A-2.74), (A-2.75), and (A-2.76) were derived for noninteger v. If 
one carries out the passage to the limit »-»2 in this formula, then for the 
Hankel and Neumann functions for integer v = », we obtain 


Hi(x) = Jal) + a cs _ (-1n(4) | (A 2.74") 
= Hoo 42 [ (Fe) os) J. aes 


By using the power series expansion of /, and J ,, analogous series repre- 
sentations are derived both for N,(x) and also for //;''(x) and /}?'(x). 

Formulas (A-2.74) and (A-2.75) can be considered as the analytic definition 
of the Hankel functions. There are still other methods for the definition of 
Hankel functions. Thus in Section A-2.6 the Hankel functions will be repre- 
sented by contour integrals. 
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For »=n— 4%, the Hankel and Neumann functions can be expressed by 
elementary functions. For example, for »= 4%, we obtain 


Ni pf ts = Jape) = — \2 cos x = ne sin (« = 5) ; 


an 


: : 27 x ee x 
Hyj2'x = Sint) | tN, pox) => 2 [eos (« = 5) -72sin (« = $)I 
= 2 itr-*£/2) 

=o 


Ayjalx) = Ji plat) — iN, pfx) = J2 cos (= — 5) — isin (« - all 
Le. 
Vex & 


a —tlr-z/2) 


3. Bessel functions with imaginary arguments. Cylindrical functions can 


be considered not only for real, but also for complex values of the argument. 
In this section we shall investigate Bessel functions of the first kind with 
purely imaginary arguments. 

For this we replace the argument x by ix in the series expansion for J,(x) 
and obtain 


oe ean: x 2k-» 
ty ae ee SS) Ca ace — 771 ss > 
Mix) =? 3 ra pat ne. ix), (A-2.77) 
where 
: oe 1 x 2kev 
OE ee ig eee a ee _2.78) 
Wa= 2 Fhe Drake Ga pe 


is a real function connected with J,(1x) by the relation 
L(x =ijix, or L(x) =e *" 7, (ix) 


In particular, for » = 0, 


. Z 1 1 . 5 
Ix) = Jifix) =)]— (5) <= ats) a a toieee, (A-2.79) 


From the series (A-2.78) it is apparent that the functions /,(x) are monotone 
increasing functions. From the asymptotic representation (A-2.67), for large 
values of x for [,fx) the following asymptotic representation holds: 


Re ae, (A-2.80) 
N Qnx 
Bessel functions with imaginary argument are solutions of the equation 
rt l , y 
pot — {1 >- -—0O. A-2.81 
5 Pe ( *)s ( ) 


In particular, /,{x) satisfies the equation 


Si ia agin a. (A-2.82) 
x 
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In addition to the functions /,(x), we also consider functions defined for purely 
imaginary argument with the help of Hankel functions 


are Sic ix) : (A-2.83) 


Furthermore, as will be shown below, K,(x) also assumes real values for real 
x-values. This follows from the formula 


VAC a. gnFCR IH ay (A-2.84) 
which we shall derive in Section A-2.6. From the asymptotic representation 
for H,'' we find 


K(x) = JE a ar ae (A-2.85) 


Formulas (A-2.85) and (A-2.80) show that as x—»0o, K,(x) decreases exponen- 
tially, while /,(v) increases exponentially as x-» co. From this follows the 
linear independence of these functions and therefore the possibility of repre- 
senting an arbitrary solution of equation (A-2.81) as a linear combination 


y= Al (x) + BK). 
In particular, if y is bounded at infinity, then necessarily A =0 and y= BK,(x). 


The function 


Ky(x) = | e x coh 7 dn 


0 
also has great significance. 


4. The function K(x). We now show that for the function K(x) the 
integral representation 


K(x) = arn dé, (x>0) (A-2.86) 
holds. 
First, we easily see that the integral 
F(x) = oo (A-2.86’) 
satisfies the equation ; 
Ly) = y+ =! —y=0. (A-2.87) 


Namely, 


~xeush & _ + 2 a ] aoe rosh & a 
eo" sinh edz — =| er" cosh EdE = S; —-S2. 


LOF) = \"e “6 (cosh g ~ = cosh é i 1) dé 
J0 
= \"e 
Jo x 


0 
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By partial integration of the two summands, we obtain 


sates sinhé _ 
S.= =| e roosh € Coch € dé = eZ zcosh € 
0 x 





oo oo sh : 
+ | eS sinh’ dé = S, , 
0 0 


from which 

LF) =0 
follows. If we set coshé = 7, then the integra! (A-2.86’) for F(x) is trans- 
formed into the form 


—x7 


_ a é 
Fa)= "oman. 


From this formula we can infer the behavior of the function F(x) as x 00. 
Hence, by one more change of variable 








x(n = 1) = E ’ 
we obtain 
e oo et et 
Poe \ TREE eh 
As x— oo, then 
lim F(x) = |S og a = ran \"e eats ve (t=V 6) 


Consequently, for large values of x, we obtain 
Fi = 4a to, 
where «0 as x00, Hence, the asymptotic representation 
F(x) = [Eg tose (A-2.88) 
V 2x 


follows. The dots here denote those terms which are small and of higher 
order. The function F(x) introduced by means of the integral (A-2.86’) re- 
presents a solution of Eq. (A-2.87) bounded at infinity. Therefore, we have 


F(x) = BRK,(x). 


By comparison of the asymptotic representations for A,(x) and F(x), it is 
shown that B=1. Consequently, 


Ris enttge es Of (A-2.86) 


We shall now investigate the behavior of A,(x) as x0. 
Here we write the integral 


Kix) = F(a) = |" 
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in the form 
20 a 
ee ae 
of x) LVR #2 


and split it into three summands: 


di + Cone. edi 





di, (xn = 2), 


veow! | Veer \Vroe 
(A is a fixed auxiliary constant). Obviously, the first summand is equal to 


SAV ARR? 
x 


A 
Kile = | 


1 —Inx+:--, 
while the second and third summands, as x — 0, remain bounded. From this 
follows 


A(x) = —-Inx+-+-=In—+-::, (A-2.89) 


where the dots denote the terms which remain bounded at x = 0. Consequent- 
ly, A,(x) represents a solution of Eq. (A-2.87) which exhibits a logarithmic 
singularity at the point x= 0 and which vanishes exponentially as x — oo. 

The following problem explains the physical significance of the function 
K(x). At the origin of coordinates lies a stationary source of an unstable 
gas of intensity Q,. The stationary diffusion process is accompanied by a 
decomposition of the gas and is described by the equation 


a ~ 2 a 
Ju—eu= 2 ) de aa oa —ru=0, (* = 5) . (A-2.90) 
or \ or r° O¢ D 
Here § is the decomposition coefficient and D is the diffusion coefficient. The 
Green’s function of this equation is circular by symmetry and satisfies the 


equation 
1 d/.du 
ces Gg) ne ap SS = ‘ 

x aa) eo) 


Moreover, Green’s function has a logarithmic singularity at the origin of 
coordinates and is bounded at infinity. Consequently, Green’s function is 
proportional to K(«r): 


G = AK«r). (A-2.91) 
For the determination of the factor A, we use the source equation 
lim | (-pe) =O; (A-2.92) 
£0 JK, or 


The integral standing on the left side of this equation expresses the diffusion 
flow through the surface K, of the sphere with radius « and source point as 
center. If we replace « by the function G = AK,(«r) in this equation and 
consider the logarithmic singularity of K)(x) at x =0, we obtain 


i {- | pee as} iia {P 2xeA—| 2924p 0: 
K, € 


«0 or 


E90 
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From this we find 


and 





G= of Kuler) . (A-2.93) 


The integral formula (A-2.86) for K,(x) can be derived from simple physical 
considerations. 

We shall now treat the nonstationary problem of diffusion of a gas with 
decomposition. At the origin of coordinates we place a source with constant 
intensity Q@) which acts continuously from time t=0. We shall assume that 
at the initial moment ¢ = 0, the concentration of the gas is everywhere equal 
to zero. The concentration u(x, y,f) must satisfy the equation 

D4u — Bu = ite (A~-2.94) 
and the corresponding auxiliary conditions. With the help of the substitution 
u = te * 
Eq. (A-2.94) takes the form of the ordinary diffusion equation 
D At = tte . 
Green’s function for this equation has the form 


a 1 -(r2/taDit- 219] 2 
C= GVEDG or” po esa’). 


Consequently, for Green’s function of Eq. (A-2.94), we have 


Q -(r2/(4Dit-r1))-Slt-0) 
G SOOO . 
(2V%xD(t — r))° 


Green’s function for a source of intensity Q, acting from t=O to the time ¢ 
is then given by 


6 = Oph ermine ge, 
With the new variable 

g=t—tT, 
we obtain 


F 


= Qo [eine 
4zD 0 6 : 


The Green's function which corresponds to the stationary problem can be 
obtained from the preceding formula by passage to the limit f£-» os: 





7 . Qo (? -tr2/401- 0 dO 
G=limG= / Oo en 
ae 4nD \ e 0 


By means of the substitution 
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O= Ce, 
where C is a fixed constant, we bring this integral to the form 


= eps gery) ~Fegceé w 
G = os | e ((r2/4DCie BCe dé : 


oO 


If we require the equation 





r r ‘ r f _ «r 2_ p 
eet ey oe ee Ge en ee ee yee 
wap 7 Gye 7 ING 2 (« 5) 


From this, it follows that the stationary Green’s function has the form 








Qo 
oD Ko(«r) ‘ 


Therefore, the problem considered here leads to the integral representation 
of the function X,(x). 


ae Qo a ~krcosh § < Qo = —kreosh & = 
G=—5 |e de = = \« Gee 


4. Integral representations and asymptotic representations 
of Bessel functions 


1. Integral representations for the Bessel functions of integral order. Now 
we consider the time periodic solutions of the wave equation 
Ure + yy = a 
xXx yy a tts 


If we set 
awe 


w(x, y,t) = v(x, ye, 


we obtain for the vibration amplitude v(x, y) the vibration equation 


Ver Vyy + RV =O, (é = =) (A-2.95) 
This has solutions of the form 
v=e*™* and v=et™, (A-2.96) 
which correspond to plane waves 
Baer? and: peer re, 


Depending on the choice of positive or negative sign, the plane wave propa- 
gates in the positive or negative direction of the axis. In the following dis- 
cussion we shall omit the time factor e*’’ and regard the functions (A-2.96) 
as plane waves. 

A plane wave, which propagates in the direction s, obviously has the form 


-iksr __ prikizcos« zysina) 


v=e 


Here @ denotes the angle between the direction s and the x-axis. 
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If we introduce polar coordinates 
x=rcos¢, SS SMS 
then 


stkreos fe a: 


v= e 
The case « = 0, therefore, corresponds to a plane wave which propagates in 
the direction of the positive x-axis. The case w = z,;2 corresponds to a wave 
propagating in the direction of the positive y-axis. 
Now we expand the plane wave propagating along the y-axis 


v= e ikrslie (A-2.97) 


> 


in a Fourier series with respect to the variable ¢: 


r= 5 Ajo’: Geko. (A-2.98) 
where —_ 
A,(p) = = | « aE Se (oe (A-2,99) 
Then we find 
A,(p) = Jaleo). - (A-2.100) 


In order to prove this, we first have to show that A,(p) satisfies Bessel’s equ- 
ation (see Section A-2.1). We write this in the form 


ody dy 2 2 a es 
ae a ep +(0 —-r)y=Ly=0. 


Then we have 


L(A,) = = | e fering ensy_ cin? —iosing +o — a’ ]dg,  (A-2.101) 


and after integrating by parts twice, we obtain 


e See tin eine agpeine@dine 
nt Gees dp = no | @ Peres cos ¢ dy 


sie | e terine= er _ in cos*?¢ — sing] dy (A-2.102) 
Coe 


= | e teeing meio? _ 6? sin? » — ip sing] de . 
Here we are able to drop those terms which do not occur under the integral, 
since they are equal to zero because of periodicity. If we put (A-2.102) into 
formula (A-2.101), we obtain 
L(A, =9. (A-2.103) 
Further, from Eq. (A-2.99) it can be seen that the function A,(e) for »=0 
remains bounded. From this and from Eq. (A-2.103), it follows that A,() is 
proportional to J,(»): 
A,(p) = Cr Jap) . (A-2.104) 
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For the determination of the factor C,, we compare both sides of formula 
(A-2.104) for » =0. Since /,(0) for o = 0 possesses a zero of the mth order, 
by 2 times differentiation of J,(o0) we find (see Vol. I, Appendix, p. 365) 


d" as f 
Es jo)| =>. (A-2.105) 


On the other hand, by differentiation of A, from Eq. (A-2.99) we obtain 





E . —7 k . A * : 
Es k Ax(o) | = (it | ent sin* Y do = ( t) : | ei (e'F cant e t*) ao. 
=0 rd —K x 


22+ Dhi* 

Since 
a anv oie cee for k# —n, 
on Ju. 1 fork=-—n, 

then 

: 0 fork<n, 
| sa (| =/(-1" 17 1 (A-2.106) 
7 eas ae Ss | e*(—e * "do =— for k=n. 

2 az js 2n 

If we compare Eqs. (A~2.105) and (A-2.106), then it follows that 


Cals 


Therefore, for Bessel functions of the first kind with integral order 2 we have 
the integral representation 


De mal ertesln gine de. (A-2.107) 
For the plane waves (A-2.97) the expansion 


ef sing = y Tlpye ** 
is valid. In particular, it follows that 
cos (o sin) = Jo(o) + 2J2(e) cos 29 + 2J,(0) cos4eo+-:-, 
sin (o Sin 9) = 2/,(0) sing + 2J,(o) sin 39 + 


We shall now give still another integral formula for J,(o0). Here we set 
g=@-—n-7/2. Therefore, from Eq. (A-2.107) we obtain 


To j= aa ae ole ei cose -tne dp : (A-2.107') 


Because of the periodicity of the integrand in Eqs. (A-2.107) and (A-2.107’), 
the integration over an arbitrary interval of length 2= can be carried out. 
Formula (A-2.107’) can also be derived from the series representation 


ere cose = y i"Ja(o)e : 
n= —-0o 


Using formulas (A-2.107) and (A-2.107’) once more, we write the two integral 
formulas for J.(o) separately: 
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Joe) = = | a ae (oe (A-2.108) 
a =F 


ioe = | BPP dey, (A-2.108’) 


Let us still note that the integral representation (A-2.107) and (A-2.107’) have 
been derived only for functions of integer order. If the index v is not an 
integer, then we have 


TiC) = 5, ge iesing+ive dy _ Sina jas dé. (A-2.109) 
Qn -K z 0 
This representation is an analog of formula (A-2.107) [see formula (A-2.148)]. 


2. Asymptotic representations of Bessel functions of the first kind. Before 
we go into the investigation of the asymptotic behavior of Bessel functions, 
we shall prove the following lemma: 


Lemma. A function Q(o) represented by an integral of the type 


ee =| Ow. (A-2.110) 


where f(€) is a continuous and twice differentiable function, can be defined 
for sufficiently large values of » in the form 


Q(p) = sof! +0(— )]. (A-2.111) 


Thus O(1/e) > 0 for p— ©. 


Proof. We carry out the proof for the case in which the plus sign remains 
in the exponents. 

The integrand in Eq. (A-2.110) for = 1 is singular. For this reason we 
introduce the new variable 


With it we obtain 


eer Jil = 9) 
2 A-2.112 
Qo) = le a 
The second factor of the intergrand can be written in the form 
A= LO + a). (A-2.113) 
if 
7 (A-2.114) 


ares ene (g(0) = 0). 
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Here g,(y) is a continuous and differentiable function of y. In particular, 
g’(n) is absolutely integrable, that is, 


| len) dp < M, 


where M is a fixed constant. If we put Eq. (A-2.113) into Eq. (A-2.112), then 
we obtain 





ip 1 ,~ten 1 . ip 
Oe =| g = dy + | e-*” gp) ay} = = (ai +q:),  (A-2.115) 
rig 0 0 
where 
= o| Sma afew dn. 
n=f ee y) q g(n) dn 


For q,(e), the expression 


gi(p) = say fewn[i + o(-)| (A-2.116) 


ts - 


results since 


eee eG vere) 


Therefore we obtain 





my _ 2 si t2 Wa 
\ Sea = Fale tate. 


By extension of this formula to complex values of a, whose real part is non- 
negative, we find™ 


The integral g. is transformed by means of partial integration: 





aeee Te ty 1 meee 
q2 = | e'" gn) dq = — i nf --[e " g'(n) dy 
0 ip ip Jo 





(A-2.117) 


After substituting expressions (A-2.116) and (A-2.117) into formula (A-2.115), 
we obtain 





ilp z/4. 
0) = Fa sayf + o(— Me (A-2.111) 


if the plus sign in Eq. (A-2.110) is assumed. 
A corresponding formula is obtained when the minus sign is chosen in 
Eq. (A-2.110): 


53 For details see any good text on complex variables. 
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QXp) = ny a o(-)| (A-2.111'”) 


The lemma is therefore proved. 


We shall now use this lemma for the derivation of asymptotic represen- 
tations for the Bessel functions of the first kind of integer order. With the 
new variable 


cosg=€ 


and from formula (A-2.107’), we obtain 


Jnl) = a | eS" cos ng dd = Seti | e'? * cos np dp 
rg _ v 0 





7 (A-2.118) 
Sit (se TA) 
> = | Vin: 
where 
T,(€) = cos (marccos &) . 
Since 


cos nf = Re(cos¢ +4 sin ¢)” 


is a polynomial of the mth degree in cos ¢, on the basis of DeMoivre’s formula, 
T,(€) also represents a polynomial of the mth degree with respect to § =cos¢. 
The polynomial 7,(€) is called the Tschebyscheff polynomial. 

It satisfies the relation 


T,(—é) = cos (n arc cos (—&)) = cos (mm — narccos é) 
= cos mz cos (w arc cos &) + sin mz sin (w arccos &) = (—1)"T,(€) ; 
therefore 
T,(—€) = (—1)"T,) 
holds. 
Now if the integral (A-2.118) is represented as the sum of integrals from 


—1 to 0 and from 0 to +1, bearing in mind the last named property of the 
Tschebyscheff polynomials, we obtain 
Cur |S eir® eo e 

n Se \d + — 

Jn9) 2 he z IG) E 7S 
where f(é) = T,(6)/V/1 + € is a continuous and arbitrarily often differentiable 
function with f(l)=1//72. 

By application of the last proved lemma to each of the integrals of (A-2.118") 
we find from formulas (A-2.111') and (A-2.111"’) that 


= 1 tlo—n/4-2n/2) -ilp-x/4—s7/2) k (=)] 
Jo) = Feesle +e Wane ae 


= (2 cos E = ein + 4) | [1 + o(--)| ; 


—tpé 


vroe® )d—é,  (A-2.118’) 
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Therefore, for Bessel functions of the first kind with integer order, there holds 
for large values of the argument the asymptotic representation 


Jn() ie ae o—- sath] + o(-) : (A -2.119) 
Vizo 2 o/. 

In particular, for #2 = 0, 

Jolo) = i cos (» _ ap + o(-)| , (A-2.119’) 
zp 4 p 
and for 7 = 1, 
Fgcs a Te cos (0 ca valk + o(-)| (A-2.119"”) 
zp 4 0 


In Section A-2.6 the validity of the following asymptotic representations 
for the Hankel functions will be shown: 


Hip) = 2 ge Ol. (A-2.120) 
Vio 0 
Hi2"(p) = [Zerternsanly Es o(=)| ; (A-2.121) 
Vio o 
From Eqs. (A-2.120) and (A-2.121) with 
H,.''(p) = Jn(p) + iN,(p) (A-2.65) 
and 
H,.'(p) = Jn(o) — iNnCp) , (A-2.66) 
the asymptotic representation 
Wis in E eG | A o(-)| (A-2.122) 
V zo 2 p 


of the Neumann functions results. 

Formulas (A-2.65) and (A-2.66) together with the asymptotic representa- 
tions for H,''(o), H,’'(), Jn(o), and N,(p) are, with regard to their structure, 
similar to the Euler formulas for the trigonometric functions 


e* =cosx+isinx, e** =cosx—/sinx. 


5. The Fourier-Bessel integral and some integrals which contain 
Bessel functions 


1. Fourier-Bessel integral. We shall now analyze a given function in an 
integral by means of Bessel functions. As is known, the Fourier integral of 
a function f(x) and, correspondingly, a function f(x,y) of two variables has 
the form 


f(a) = = 


a“ 


\" ay i" feet? dé, (A-2.123) 


fl) = a i: \" dpe dy’ |" |" LE, Men WO” dé dn. (A-2.124) 
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If we introduce polar coordinates by means of the expressions 
x=rcosy, E=pcos¢, fe=Acosé, 
y=rsing, n=psing, je = Asin€, 

then we obtain 

dédn=pdoddb,  dpdp' =idrdé, 
px + p'y = arcos(& —¢), 
n& + p'n = dp cos ( — &). 
In the following discussion we assume that f(x, y) has the form 


f(x,y) = fine’, (A-2.125) 


where # is an integer. Then by the above transformations we obtain the 
Fourier integrals (A-2.124) in polar coordinates 


f(nei” = " |" 00) edo 2 da 7 | BOERS SOS P) dé ‘ er’ 
o Jo TJ-x (A-2.126) 
; a) [ go te cos (G— El im ig 8) dd . 
2r j\__ a 
Now to treat these expressions further, we use the formulas 
Tn(2) = a e* eons ring .=tan/2 dé ; (A-2.127) 
Qn }_n 
In(Z) = - | ger OTE os CE See) (A-2.128) 


Since the integrands in Eqs. (A-2.127) and (A-2.128) are periodic functions of 
& and &’, on this basis the integration over an arbitrary interval of length 27 
can be carried out, and we can write 


al Goo ROMHINis sol ge F(2ye tl : (A-2.129) 
Qn \_n 

mal go treo te’ Egi sini e'— oh as = J,(2e*/? , (A-2.130) 
R J-n 


where & and & are arbitrary numbers. By introduction of Eqs. (A-2.129) 
and (A-2.130) in (A-2.126) and by division of both sides by e’*’, we then 
obtain the Fourier-Bessel integral 


fi) = |. \" F(0) Jap) Jn(Ar)a ad p dp (A-2.131) 
or 
f= |. 9a Jar)? dh, 


where 
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yd) = |, Sloane dp. 
0 


The representation as a Fourier Bessel integral is possible when the func- 
tion f(r) defined in the interval (0, co) satisfies the following conditions: 

(a) f(r) is continuous in the interval (0, co). 

(b) f(r) in each finite interval possesses only finitely many maxima and 
minima. 

(c) The integral 


| Alf le)| dp 
0 
exists. 
We shall not go into the proof of this assertion here. 


2. Some integrals whose integrands contain Bessel functions. Yor different 
applications, definite integrals occur which contain Bessel functions. 
An oft occurring integral of this type is the integral 


coe ] 
B — za 2 2 Crt , 
: Ine Me V + 2" 


For a proof of this formula we replace Jy) by the corresponding integral 
representation (A-2.108). If we interchange the order of integration, we obtain 


(z>0). (A~2.132) 


ape ] i “2 7 Lpasi 
, = | e*fden aa = 5-| e ‘a| @ sng ay, 

0 % Jo fT 

- el \ dp \« l2viesin@)2 jie I | dy 
2n)}.. _ 2x) ,2t+ ipsing 

9, ae zdy se dol | PSI s., =a zdy 
az}, 2 +p’ sin’ ¢ 2x), 2 +9’ sin’ o nr jo 2 +p sin’ ’ 

since 


| sin y dy = 
a cee es 
22 +p sin’¢ 
because of the odd integrands. 

Next, if we set tang = € and then set (\/(z? + p®)/z*)é = n, we obtain 


1 i zdy = = dy 


2 2 tne 2 2 tent 
02 typ sing z Jo 2 +p sin’ y 


B= 


ae 





- 
na 


zz =" dé _ 2 i dy 1 

eZ +E) 4+ pO zeV22+t ej l+y V2 + p?’ 
whereby the validity of formula (A 2.132) is proved. From formula (A 2.132) 
we immediately find 


a za — ] Zz z 
| Ji(paje “ da= a = Ta) ; (A~2.133) 


If in Eqs. (A-2.182) and (A 2.133) we set z= ia, then by splitting the 
resulting equations into real and imaginary parts, we obtain the expressions 
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rc 1 
| Jo(ea) cos ad dd = veer: 
‘ Jed sinasdi=O0, 
: 1 for o >a; (A-2.134) 
| Ji(ea) cosaddd = — , 
: p 
- 
| J\(o4) sin ai dk = Waa 
\ Joa) cosaddd=0, 
. fora>p;  (A-2.135) 


7 ‘ 1 
1 a 
\ Jo(o4) sin add Wr 





|" (0) cos a4 da = (1 = a) ; 
S p ae, fora>p. (A-2.135’) 


|" (oa sinadAdi =O. 
0 
Now we prove the second integral formula . 


joe tart! da = a(S ) oat A-2.136 
B.= |" Gee a(£)e (A-2.136) 
In this formula we replace J, by the corresponding power series and integrate 
term by term (f > 0): 


Fe 5 (—1) ($)~ al dj 
e Sol(R+EDR+v+)\2 di a 


We find 
ae di = —— (ik +41). 
0 


Oper} 


1 as -—§ektv pe 
pei |e er dé = 
0 


From this we obtain 


ate "<= (—1) i 2 : -p7/4t 
B= 3;(47) 2 kl (£) = ao) : 


which was to be proved. 

Thus we have proved that the integral B, can be calculated analogously 
when the Bessel function is expanded in its power series and thereafter 
integrated term by term. 

Now we consider the integral 


eS e- 22k? 2] 


140) aaa? (A-2.137) 


As we can easily prove, it satisfies the equation 


a” a rid 
L : 0, kaa 1 7 
dvt+ kv= (4 eta oa) 
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The function 


Vo = , (7 =Ve + 2?) 





likewise satisfies the vibration equation 
a2 


Pith one = Ke A jes 0. 
Yr or 


The representation of the function v(0) = e**/o as a Fourier-Bessel integral 
reads 





hile [Fa Ikeda di, (A-2.138) 
where 
F(a) = |e F@ayae:. (A-2.139) 
For the calculation of F(A) we use formula (A-2.134): 
3 (vr , for Are; 
FQ) = \ Joldp(cos ko + isin ko) do = 


| t= for k> 2 
VERB VBR . 





Therefore, 
an = ada 
p- =. | Then Pg ’ (A-2.140) 
0 
that is, the function 
ik p2+2? 
Vo = 
Ve + 22 


coincides with the integral C(o,z) for z=0. Both functions 
vo(o,z) and C(p,z) 


are thus solutions of the vibration equation which coincide for z=0. At 
the point z=0, eo = 0 it has a singularity of the same type. 

However, it follows from this that they are identical with each other, 
that is, 


eas eiloteet 
qi di = (A-2.141) 





i Jo20) Fe 


The formula obtained was used principally by A. Sommerfeld for physical 
investigations. For this reason it is often called the Sommerfeld formula. 


6, Representation of cylindrical functions by contour integrals 


1. Representation of cylindrical functions by contour integrals. With the 
help of contour integrals, the solutions of Bessel’s differential equation can 
often be represented in the form 
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| g insingstyy de c: | Kix, 9) O(c) do , (A-2.142) 
Jc ¢ 


where C is a curve lying in the plane of the complex variable ¢ and K(x, ¢) 
=e "© Oc) =e'’?. A function of the form (A-2.142) can be considered 
as a superposition of plane waves 


—ilzxsine+ycos ¢: 


é 


which propagate with different angles with respect to the y-axis; @ = e'’f ap- 
pears as the amplitude factor of the plane waves. 

We shall now settle the question of the convergence of integrals (A-2.142). 
In Figure 92 the shaded area represents those parts of the plane of the com- 


FIG. 92 


plex variable ¢ = ¢, + ig, where the real part of the expression 
ixsin ge = xi sin (¢, + igs) 
= x(7 sin ¢, cosh ¢, — cos ¢, sinh e,) (A-2.143) 


is positive (for x > 0). 


Hankel functions of the first and second kind are usually defined by the 
integrals 


} 1 -ixsines+ive 
Hi"(x) = -=| ganesh ae: (A-2.144) 
= dC, 
2 1 —txrsin¢g-tre 
Hoa = -=| aa la? (ae (A-2.145) 
Zz Co 
Here curve C, consists of the lines (—i,0), (0. — =x), (—z,-—x+i00) and 


C, of the lines (z +700, =), (z,0), (0, — 700) (Figure 93, paths I and IJ). Ob- 
viously these integrals converge along C, and C, for x > 0. 


Now we shall prove that the functions (A-2.144) and .A-2.145) satisfy 
the Bessel equation 


Ly) = xy” + ey t+ — vv =0. 
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G2 
—r+t+ia a tia 
f, ty ? Ail 
Ya a Guy 
YG i as 


FIG. 93 


If we consider that the function 
K(x, 9) = ec insing 
satisfies the equation 
eK,,+xK,+xK+K,,=0, 
then after a twice repeated partial integration we obtain 


LHS (x) = — =| L(K)e** de = 
Cy 


— 


a 


l 


- 
a 


a 


| [Kop + YK ]O dy 
Cy 


= =| (O" + VD)K do + 
x can 


| 2 (K.0 — KO") dy . 
r,a¢ 

The first integral on the right side is equal to zero because of the choice 
of the function ®, while the second integral can be brought to a form which 
is likewise equal to zero for x > 0 because of the special choice of the path 
of integration. Consequently, H,'’(x) and H,’'(x) are solutions of the Bessel 
equation. 

Analogous considerations show that the above integral along an arbitrary 
curve C satisfies the Bessel differential equation if the infinite branch of C 
lies in the shaded area of Figure 93. In the following discussion we shall 
show that the integral extended over the curve C,=C,+C;: 


1 
Qn 
is the Bessel function of the first kind of vth order. 

For integer values »y =», the integral over the infinite branch of paths I 
and II (see Figure 93) cance] because of the periodicity of the oppositely 
directed integrands, and there remains, therefore, the integral 


Julx) = UH) + WG) = — | eiring-i de (A-2,146) 
C9 
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jie al eee 2 (A-2.147) 
But this coincides with the representation of the Bessel functions of the first 
kind of integer order, as given in Section A-2.3. 

For noninteger v-values, the formula derived from Eq. (A-2.146) 


a oo 


g itsingsivy dy _ SIN vez | e xsinh §~vé dé (A-2.148) 


JAx) = x| 


Tf 0 


holds. 

Integral (A-2.148) remains finite, as we can easily see, for vy >0O at the 
point x=0. From this it follows that the function defined by Eq. (A-2.148) 
must agree to within a factor with the function defined by formula (A-2.77). 
If we compare the coefficients in the corresponding power series expansion 
in x, then we recognize that both functions are identical.” 

We shall now show that for the Hankel functions H‘"'(x) (k = 1,2), re- 
cursion formulas are valid which are analogous to formulas (A-2.21) for the 
functions /,(x). 

If we consider that in formulas (A~2.144) and (A-2.145), the integration 
paths C, and C, are not dependent on v, then we can write 


Hik\ Ee Hi* = -<{ e izsing+ivy cos ¢ dy = =, | 8 (grizsin gy give dy , 
mT SC, TUX Cr dy 
Hi — HY = -3| en iE8IN HOP cin dy 
mT JCy 
a] Lig bin gets dH," 
=2——| ener? dy = — 2-——*_,, R= 1;2)% 
Ox 7 3 y dx 


Partial integration in the first equation then gives for the Hankel func- 
tions the recursion formulas 





(1) 

H+ B= PH! HO HA = — 2S (A-2.149) 
and, analogously, 

42) 

Heats oH, . HAA Hea2 on _ (A-2.149’) 
We particularly note that following from the above are equations 
(1) (2) 

ae = — M(x), oe = — Wi"(x). (A-2.150) 


If AH{'(x) and H?'(x) are considered as functions of the complex variable 
x= x, +ix,, then formulas (A-2.144) and (A-2.145) define these functions in 
that region of the variable x = x, + ix. in which the real part 

Re (— ix sin y) = Re [(- 1X, + X2) sin (4 + ive)] 
= £2 Sin ~, cosh w, + x, Cos o, sinh 


64 See, for example, A. Sommerfeld, Lectures on Theoretical Physics, Vol. VI: 
‘Partial Differential Equations in Physics.’’ Academic Press, New York, 1949. 


A 2. CYLINDRICAL FUNCTIONS 567 


is negative. If ¢,=0 or g, = 2, then integral (A-2.144) along C, defines 
the function H,"'(x) for all those x values for which the real part Re(x) = 
x, > 0. 

Now we denote by C,, that path (Figure 94) for which the vertical portion 


Cy Pe Coy 


FIG. 94 


of the curve C, has, instead of —7z and 0, the abscissa —z —@ and ¢ (¢ <0), 
In particular, Cyj)>=C,. On the basis of the Cauchy integral theorem, the 
value of the integral in formula (A-2.144) does not change when the integra- 
tion path C, is replaced by the path C,,. In the integration along C,, the 
integral (A-2.144) converges for those values x = x, + ix., for which 


Re (— ix sing) = x2 Sin y, Cosh v2 + x; cos ¢, sinh wg, < 0 


holds for large values of |y,|. Along the lower part of the straight lines 
91 = ¢, go: < 0, this condition is satisfied provided x,sing — x,cos~ <0. Along 
the upper part of the straight lines gy = —z—4@, gy, > 0, the convergence con- 
dition is also equivalent to the inequality 
x,sing —%x,cos¢? <0. 
Consequently, the integral extended over C,, converges when the inequality 
x2.sing — x,cos¢ < 0 


is satisfied (or x, cos¢) + x2 sing) > 0 with go = — ¢). 
If 0<¢ <x/2, then the integral (A-2.144) over the path C,, coincides 
for real values x = x,;; moreover, it defines the function H,’'(x) in different 
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regions of the complex x-plane. Consequently, the integral (A-2.144) over 
curves of the type C,, by varying ¢, defines the analytic continuation of 
H:""(x). In particular, if we set 


= — and g=- atin. 


then we obtain the formula 


o 


eet : nyi/2 . 
Hi(a) = — ginsingw iy gy 5 | eft eosh "7 dy (A-2.144) 
mz de 
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ld 


by which H,''(x) is defined in the half plane x, = Jm(x) > 0. Hence we obtain 
for Hankel functions, with pure imaginary argument, the expression 


Hix) = JL y-oniss a eo 7 cosh 7— en dn , (x > 0) F (A-2.144’’) 
T1 —Oo 
The function A,(x) can, according to its definition, be expressed by the 
corresponding Hankel function in the following way (see Section A-2.3): 


K(x) = Sie? HM Ga) . 
By consideration of formula (A-2.144'’), we therefore obtain the integral 
representation 


K,(x) = 3 | e* cosh G~ vy dy 
From this it follows that K,(x) is a real function of the argument x. For 
y= 0, the formula 


Kos) = 4" 


en cosh 4 dn = | eo 6oshs dn 
0 


has already been derived (see Section A-2.4), 


2. The saddle point method. Asymptotic representations. The integrand 


—ixsin@e+ive 


é 


in formulas (A-2.144) and (A-2.145), which define the functions H,''(x) and 
H;'(x), possesses no singularities in a finite part of the complex ¢-plane. 
For this reason the path of integration C,, according to the Cauchy integral 
theorem, can be subjected to arbitrary deformations in a finite region. How- 
ever, the asymptotes of the branches extending to infinity and the path C, 
itself must still lie in the shaded part of the ¢-plane. Correspondingly, the 
same is valid for the path C,. 

If the path of integration C, is chosen as shown in Figure 95, then the 
integrand at all the points in which sing #0 approaches zero exponentially 
as x— oo, since Im(sing) <0. If some part of the paths pass through the 
unshaded region, then there occurs in the integrands complicated interference 
phenomena. 


A-2. CYLINDRICAL FUNCTIONS 569 





FIG. 95 


To understand the asymptotic behavior of H,''(x) for large values of x, 
the path C, is suitably selected so that it lies entirely in the shaded region. 
One such path obviously passes through the point — z/2 in which the real part 


Re (— 7 sin ¢) = cos g, sinh 9, 


is equal to zero. For x-» oo, the integrand in the neighborhood of this point 
does not approach zero uniformly, since the principal part of the integral over 
C, for x— co represents an integral which extends over a small path con- 
taining the point — 7/2. On this basis, we must choose the path C, so that 


e™ sing 


becomes small as rapidly as possible when we move away from the point 


(0 = —x/2. We now consider the path of the function e **'"* in the neighbor- 
hood of » = — x/2. 
For this we set 
x 16 
=——+ se 
y 5 +s 


Then, for small values of s, 


2 
— isin g = i cos (se) = i (1 ane + se) 


s’ s 
= 5 sin 20 + i(1 ~ 5 cos 28) + 45, 3 


because the real part of (s’/2)sin 20 represents a saddle point at the point 
s=0Q. In the shaded region this function is negative, in the unshaded region 
it is positive, and for s=0 (» = — z/2) it is equal to zero. That direction of 
traversal through the saddle point which corresponds to the value Q) = — z/4 
represents the direction of the steepest slope for the function (s’/2) sin 20. 
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From this, it follows that the point s=0O also represents a saddle point for 
the absolute value of the function e ‘*'"*, while @) = — =/4 corresponds to the 
direction of the steepest slope. 

Now we choose the path C; so that it contains the straight line segment 
Cie (—e<s<e), which passes through the point s =0 with angle @ = — 2/4, 
while the branch extending to infinity lies entirely in the shaded region. 
Since the integrand in formula (A.2.144) decreases exponentially when the 
argument moves away from the point s = 0 (¢ = — 2/2), then 


1 -ixsing+ing tet yeietlatue oe 
H"'(x) i ER e txsin PttHY dy ae er! (g*/2)+7) ter/2 ye -@ tn /4 
Cy z -e 


up to an exponentially decreasing summand. This is because along the path 
C, ’ 


g=— o + se it/4 : dey = eo ir/s ae: 
—ising = —~+i. che mw give le 


holds, where s varies from ¢ to —e. With the expression 


ay) dt = JZ as, 


we thus obtain 


Hi"(x) = + y eee | eo? dé . (A-2,151) 


ev 7/2 


If x-» co, then we obtain™ 


Evx/2 = o bs 
| eae | oP dea Wn. 
—¢/ip3 


—@7 


From this result and from Eq. (A-2.151), for sufficiently large values of x 
we obtain the asymptotic representation 


H!(x) = eee ate, Ae (A-2.152) 
Analogously, for H:’'(x) we obtain the asymptotic representation 
H(x) = ee ere (A-2.153) 


55 The error obtained by replacing the finite limits of the integral with infinite limits 
decreases exponentially since for large values of z 


We can be certain of this if we consider the quotient 


22 





oo Ee 
ef? dé : 
\" . 2z 
and determine its limit value. 
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Equations (A-2.152) and (A-2.153) have an approximate character and the 
omitted terms are of order x”. The next term of the expansion can be 
obtained if in the expressions for —ising and e'’* we also use terms which, 
with respect to s, are small and of higher order. 

From the formulas for H,''(x) and H;?'(x), the asymptotic representations 


1 (1) (2) i 2 x 1 hes _ 
Tx) = > {H, (x) + Hy ())} = Hee cos E = (» + a ) + , (A-2,154) 
— dey oye es ae pp i “sath “ 
N,(x) = 5 (x) -— Hy (x) = ne sin E 5 (»+ 9 )| + (A-2.155) 


are obtained for J, and N,. Furthermore, we indicated earlier that we proved 
formula (A-2.154) in Section A-2.3(2) for integers v = 7. 

In support of the applicability of the asymptotic representations for all 
values of », we have convinced ourselves that the cylindrical functions in- 
troduced by means of contour integrals and cylindrical functions introduced 
by means of series expansions are identical. We shall not concern ourselves 
with the proof of this assertion. 

Finally, we should note that the above described saddle point method is 
suitable for obtaining asymptotic representations for a series of other func- 
tions which are represented by contour integrals. In particular, this is possible 
for H,'?"(x) for vx x > 00, 
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Spherical functions are introduced in connection with the investigation 
of the solution of the Laplace differential equation and, in particular, with 
potential theory. In Section A-3.1 we consider the Legendre polynomials, 
which are then used in Section A-3.2 for the construction of spherical func- 
tions. Spherical functions represent an important instrument for the solution 
of many problems of mathematical physics. 


1. Legendre Polynomials 


1. The generating functions and the Legendre polynomials. The Legendre 
polynomials are closely related to the fundamental solution 1/R of the Laplace 
differential equation. Here R is the distance of the test point M from the 
source point M,. Let r and 7 be the radius vectors of the points Mand ™M, 
and @ the angle enclosed by them (Figure 96). Obviously, then, we can write 


1 1 
————_————— f ‘ 
1 1 _ |r VI + pt — 2px pee (A-3.1) 
R Vr+trn— 2rrycos0 1 1 , 
for r>f7, 


YrViI + p? — 20x 


where x =cos@ (-]1S x81), and p=r7/r,< 1 or p=7/r <1 is valid (in 
both cases p is smaller than 1). 
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FIG. 96 
The function 

- ] 
yi 7 3.5 0 <1l,-ls <1 A-3.2 
ON =a <p Sxl) (A-32) 


is denoted as the generating function of the Legendre polynomials. 
We now expand the function ¥ (o, x) in a Series in powers of p: 


U(p, x) =X Palx)o” . (A-3.3) 


Then the coefficients P,(x) in the expansion (A-3.3), as we shall see, represent 
polynomials of the th degree and are called Legendre polynomials. 
This expansion corresponds to the expansion 


. 5 (+). (cos 0) | forcyr-¥j-3 


- = ; aaa (A-3.4) 
ji Y (4) P,, (cos 9) forr>*”. 
rn=0\ PL 
By considering the expansion 
(1 +p = 2oxy* = 1 — T(o' — 2px) + 2 (9% = 2ont + 
=1+px+ (Se = z) tite $ OM(Qgx® +00 = > P,(x)p" (A-3.5) 
n=0 


for sufficiently small values of », we can be certain that each of the functions 
P(x) really is a polynomial of the wth degree. For km, therefore, we 
obtain all terms which contain the power p” in the brackets of the form 
(o” — 2px)’, where x” occurs only in the term for k=». If k <n, then the 
coefficient of p” contains only powers of x of smaller degree than #. Since the 
general term of the polynomials (p* — 2px)* has the form A,p°"(ox)* "= 
A,no™**x* ™, where A, denotes fixed coefficients, even powers of x occur only 
for even powers of o and odd powers of x only for odd powers of p. Therefore, 
each polynomial P,(x) contains either only even or only odd powers of x, ac- 
cording to whether » is even or odd. 
In particular, it follows that 





P,(— x) = (— 1)"P,(2) . (A-3.6) 
For x= 1 the generating function ¥(o, x) equals 
aps lte bette bette aE Pune, (A-3.7) 
as n=0 
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that is, 
Palys (A-3.8) 
for all values of #2. From Eqs. (A-3.6) and (A-3.8) there results 
Plaats (A-3.9) 


2. A recursion formula. By differentiation of ¥(p,x) with respect to p, 
we easily obtain the expression 
av 


oo 


(1 — 20x + 9?)— — (x — pW =0. (A-3.10) 
We shall write the left side of this formula as a power series in powers 
of ». To do this, we substitute the series (A-3.3) for ¥ and the series 
oy 


—_—= 
0 


P,(x) + 2P,(x)0 + 3Py(x)o? + ++: 


into expression (A-3.10). 
The coefficient of o” in the series thus obtained must be equal to zero 
for all x because of (A-3.10): 
(2 + 1)Paei(x) — x(22 + VW) Pale) + mPa) = 0. (A-3.11) 
This is the recursion formula sought, which links the three successive Legendre 


polynomials with each other. It can be used for the calculation of P,(x) (2 = 2), 
if we consider that P(x) = 1 and P,(x) = x. 

We shall now calculate the coefficients a, of the highest power x” in the 
polynomial P,(x). From formula (A-3.11) we obtain 
Fig ee, (A-3.12) 

n+1 

Here, if we set a = 1, we obtain, successively, a: = 1, a2 = 3, @y = 3, and so 
forth. By complete induction we prove the general formula 


_1:3:5:-Qn=1) (A-3.13) 


An 
1! 


3. The Legendre differential equation. In this section we shall show that 
P,(x) in the region —1 <x <1 for 2= (2 +1) represents a bounded solution 
of the Legendre differential equation 


d 2 | : 
—l|1l-—-x)= iv = 0 
dn [ x Tae | + Ay 


or 
(l—x*)y" — 2xy' + iy =0. 
By differentiation of 
Y(o, x) = & Pax)" 
n=0 
with respect to x, we obtain the equation 


(1 — 2x0 + oye yee (A-3.14) 
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Together with Eq. (A-3.10), we obtain 


(see ae: (A-3.15) 
op ox 


As in the above expression, we obtain from this the second recursion formula 
nP,(x) — xPi(x) + Phx) =0. (A-3.16) 


By substitution of the expression for po and p(é¥/dp), obtained from Eqs. 
(A~3.14) and (A-3.15), into the identity 


p—(a¥") = (oS a: v) (A-3.17) 
op 0p 
we obtain 
se yee 0. (A-3.18) 
vo Ox 


Again, we expand the left side of Eq. (A-3.18) in a power series in powers 
of o. From the requirement that the coefficients of the powers p” be equal 
to zero, the third recursion formula 


nP,-(X) ~ P(x) + «P,-1(2) =0 (A-3.19) 
then follows. 

We now eliminate P,-,(x) and P,-,(x) from Eqs. (A-3.16) and (A-3.19). 
For this, we introduce in Eq. (A-3.19) the expression for P,.,(x) from Eq. 
(A-3.16), then differentiate the expression obtained with respect to x and use 
once more formula (A-3.16). In this manner, we arrive at the equation 


(1 — x°)Pa’(x) — 2xPi(x) + nr + 1)P,(x) = 0. (A-3.20) 


Thus the Legendre polynomials are eigenfunctions of the following bound- 
ary-value problem: 

Find those 2-values, for which, in the region —1< x <1, nontrivial solu- 
tions of the Legendre differential equation 


d 2 dy ‘ 
—| (1 — x)= | + =0 A-3.21 
dx ( FE 4 \ ) 


exist, that are bounded for x=1 and satisfy the normalization condition 
P,(1)=1. The eigenvalue corresponding to Pa(x) is Ay =n Gt + 1). 


4. The orthogonality of the Legendre polynomials. The Legendre equa- 
tion (A-3.21) appears as a special case of the equation 


a 


| eo S| — g(x)y + kov = 0 (A -3.22) 
dx dx 


with for gq=0, o=1, k(x) =1—-x°*. Therefore, the general theory developed 
for Eq. (A-3.22) applies to the Legendre equation. From this theory it follows 
that: 

(a) The Legendre polynomials of different orders are orthogonal to each 
other in the interval (— 1, 1): 
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1 
| P,(X)P,,(x) dx = 0 formeén. (A -3.23) 
1 


(b) Each additional linearly independent solution of the Legendre equation 
for 2- nia +1) becomes infinite at the point x = +1 as log|/1+ <x. 

A system of orthogonal polynomials, as is well known, is closed.* 

It now follows that the Legendre equation for 24 (2 -+ 1) can possess 
no nontrivial bounded solution yx). For if such a solution v,(x) were to exist 
for 24% (2 +1), then it must be orthogonal to all P,(x). However, on the 
basis of the closedness of the system of orthogonal polynomials P(x), it would 
follow that 

Valx) =O. 


56 A system {y,} of orthogonal functions is said to be closed if there exists no con- 
tinuous function which does not vanish identically and is orthogonal to all functions of 
the system, that is, if the only continuous function which is orthogonal to every cq is 
the zero function. 

A system of {o,} of orthogonal functions is called complete in the interval [a,b] if 
an arbitrary continuous function can be approximated by a linear combination of the 
functions ¢, in the mean with arbitrary small error. In other words, to each number 
e > 0, a linear combination 

Sa = eign t+ +++ + Cnen 
can be found such that 


(fla) — Sal de < e. 


For a complete system of functions {vn} the so-called completeness relation or Parseval 
equation holds: 


oo 


b 
\ Padr= ST NwASf?, 
a nal 

where 


1 cb 
In = 5 J £@ente) dé 


are the Fourier coefficients of the function f(z). 

Closedness is a consequence of completeness. Let y,(z) be a complete system of 
orthogonal functions. 

We assume that there exists a continuous function f(x) #0, which is orthogonal to 
all @np(a). Then, because of the completeness of the system {y,}, the equation 


5 oo 
( fre)da = 5 Na fh =0 
a nei 


must hold since, by assumption, f, = 0 for all n. However, from this, f(z) = 0 follows, 
which contradicts our assumption, that is, the system {yn(x)} is closed. 

The completeness and, therefore, also the closedness of a system of orthogonal poly- 
nomials P,(x2) are a consequence of the Weierstrass approximation theorem: 

For each function f(x) continuous in a closed interval [a, 5], there exists a polynomial 
Q,(x) which approximates f(x) in [a,b], arbitrarily closely, that is, for arbitrary « > 0 
and for all zx in [a, d], 

| f(a) — Qr(x)[ <e- 

For proof of the completeness of the system of P,(z), we only need to represent 
the polynomial Q,(z) as a linear combination of the orthogonal polynomials P,(x) and 
apply the above inequality. Then the completeness relation for the system of orthogonal 
polynomials results directly. 
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5. The norm of the Legendre polynomials. We shall calculate the norm 





1 
N, = P(x) dx (A-3.24) 
al 
of the Legendre polynomials. For this we consider the polynomial 
Q(x) = Py(x) — “2 xPa-i(x) , (A-3.25) 
no 


where a, denotes the coefficient of x” in P,(x) and a,., the coefficient of x" ' 


in P,-\(x). Q(x) is a polynomial of degree 1 — 2 and can be written in the 
form 


Qa) =" AePula) . 


The coefficients can be determined successively beginning with k = 2 — 2. 
Here we compare the coefficients of the highest powers of the polynomial 
P,(x). 

It then follows that Q(x) is orthogonal to P,(x): 


( P,(x)Q(x) dx = 0. (A-3.26) 


Therefore, ‘ 








N =| Px) Ge eP,_(x) + a2) | dx = 2 [ 2Pa(x)Ppi() dE 
~1 a a -1 


n-l n-1 


Now by using the first recursion formula 





n+1 n 
n <= ——— P,, ——— P,,- ’ 
xP,(X) ee +1(%) + rar (x) 
we find 
N, = —~— “Ny. A-3.27 
Qn + ] Qn-1 * ( ) 
Since, because of Eq. (A-3.12), 
Q@, _ 2n—1 
Qn-1 n , 
we find 
pe (A-3.28) 
2n+1 
By consideration of 
Pix) =1, N=2, 
we find successively from Eq. (A-3.28) that 
Ni — & ’ N, = 5 
and, in general, by complete induction that 
2 (A-3.29) 


N= Sh 
2an+1 
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Consequently, the Legendre polynomial P,(x) forms an orthogonal system 
with norm N, = 2/(2n + 1): 


for m#i2, (A-3.30) 


1 
P,(x)P,(x) dx = | 
} form=n. 


0 
a 2 
2n+1 





6. A differential relation for the Legendre polynomials. Now we Shall 
prove that the Legendre polynomials are representable in the form 


1 d” 


P,(x) = nl dx 


{(x? — 1)"]. (A-3.31) 





This formula is usually called the formula of Rodrigues. 

For the proof of formula (A-3.31), it is sufficient to prove the following 
facts: 

(a) P,(x) = 1/2"n! d"/dx"{(x’? — 1)"] is a solution of the Legendre equation. 


(b) P,(1) = 1. 
If we set 
u=(x°>—1), 
then 


wu’ = 2nx(x? — 1)". 
Therefore, we also find 
(x? — 1)u’ — 2nxu = 0. 
By (m+ 1) times differentiation of this equation, we obtain 
(x? — 1u'™*” — (20 — 2m — 2)xu'™*” + [mim +1) — 2am + Dui” = 0. 


If we set m= and consider that the expression in the square brackets 
equals — n(m +1), then we obtain 
(1 — x)u'"*?? — 2xu™*! + nin + lu’ =0, 
that is, the function 
5 _ 1 du 
2m! dx” 








Satisfies the Legendre equation 
(1 —x°)P,’ — 2xP, + n(n +1)P,=0. 
Consequently, 
Puy = CaP a) (A-3.31’) 
where C, denotes a fixed constant. 
Now we shall show that P,(1)=1. For this we consider the derivative 


Sox" t= Swe he aa ee 
Xx ax 


+ C(x + 1 ania © 3 _ 1 ae + eee + Cr(X ue 1)*(x a 1p ' 


If #1 <, then all summands vanish at the points x= +1: 
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{ a (x — iy} —=0, (m<n). 


ax” =+1 


However, if m—xn, then 
{ Salle" — vy = 2"n! 


from which it follows that 
P,Q) =1. 
Now if in Eq. (A-3.31’) we set x =1, then we obtain 
Cy = Is, 
that is, a 
P,(x) = P,{x) . 
Thus we have 
1 qd 
2°n! dx" 


With the help of this formula, we can easily prove the following important 
properties of the Legendre polynomials: 

The Legendre polynomial P,(x) possesses exactly 22 zeros within the inter- 
val (—1, +1). Let the &th derivative (d*/dx")P,(x) (k Sn) have exactly n — k 
zeros within (— 1, + 1) and at the end points let it be different from zero. 

The function (?? — 1)" vanishes at the end points of the interval [— 1, 1]. 
Its first derivative vanishes at the ends of the interval. Based on Rolle’s 
theorem, the derivative must possess at least one zero within the interval. 
The second derivative has at least two zeros within the interval and vanishes, 
moreover, at the ends of the interval (Figure 97). By repetition of these 








P,(x) = [(2? — 1)*] . 


4 


{(@@ = Il 





=1 (8 = 1py" 
FIG. 97 


results, we find that the mth derivative has at least 2 zeros in the interval 
(—1,1). There, indeed, it has exactly zeros since it can be treated as 
a polynomial of the mth degree. Thus, the first part of the above proposition 
is proved. The derivative (d/dx) P,(x) must, on the basis of these theorems, 
possess at least m — 1 zeros within the interval. However, since the derivative 
represents a polynomial of degree 2 — 1, it must possess exactly »— 1 zeros 
within the interval. Correspondingly, (d*/dx*)P, has exactly » — k zeros within 
the interval. Therefore, the above statements are completely proved. 


7. An integral formula. The boundedness of the Legendre polynomials. 
The Legendre polynomials P,(#) are bounded for all values of the argument 
—18y,8 +1. This shall now be proved. 
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First, we consider the integral 
I= | pee 
9a—tbcosy 


in which a and 6 denote any constants. To calculate these integrals, we make 
the following transformation: 


taal" dy ‘ i: cos 9 dy 
0a’ +b’ cos’ ¢ oa’ + b’ cos’ y 
7 dy Lf? sing dd 
= ——_e—__ — Hh, A-3.32 
a \ Bare rae ol” a + Bisin'e i—d ( ) 


(=9-4) 


The integral J, is equal to zero since the integrand is an odd function. The 
calculation of the integral /, gives 


i = se for a>0O ‘ 
Waar e (A-3.32’) 
— Te fora<0O. 
a 


Now if we set 


a=1—xp, b=x/1i—}é, O<x<1,-lspsl) 


and use formula (A-3.32’), then we obtain 


a dy 1 
et (A-3.33 
|e Vii + x? — Qxu 


The generating function standing on the right side of this equation serves to 
define the Legendre polynomials as follows: 


1 © 
———_——____—————_- _ _— x” Pf L). 
V1+ 22 — 2x ut > #) 
Now we expand the integrand in the series 


1 


a a ———___ rrr es y i + } 1 = 2 cos fe . (A-3.34) 
l—x(e+iV1— p? cos ¢) 2" Cs a ?) 


Since 
lai +iVT — pe cosy)| = «V2 sint?y + cog sx <1, 


series (A-3.34) converges uniformly. It can be integrated termwise: 


Late 1 ae ~{, . n 
— dg = 2 2” - | (ne tiv 1 — pcos) de. 
~\ yen oFoap i 2 Fs ja 


On the other hand, because of Eqs. (A-3.3) and (A-3.17), we obtain 


1 oo oo l Fg . Pi 
—— = "P(n) = eee +i1V1— 8 cosy) dy. 
V1 + x? — 2xp 22 Pate) oN m i a ‘ eet 


580 APPENDIX: SPECIAL FUNCTIONS 
From this we obtain the integral representation 


Pal pt) a \ 1iV1— pecosy)"dy , (-lspsl)  (A-3,35) 
0 


Tv 
for the Legendre polynomials. If —1 7 2 1, then 
ln 1 i rfcosg| VWyesineg + core S1, 


and further, for /,(j) the inequality 


| Pry) |S = \e 1 for —-Ilspnsl 
0 


(4 


holds. Were the equality signs are valid only for po - 4 1, 
The Legendre polynomials, therefore, are bounded, and in fact, 


1 Pafpe) | 7 1 (A 3.36) 
holds for all # between = 1] and | J. 


8 The associated Legendre polynomials. Together with the Legendre 








polynomials 2?,(%) the so-called associated Legendre polynomials 7?,"'(x) play 
adarge role. They are the solutions of the equation 
2 
Hla ry) S| , (: ii i)z ( (A 3.37) 
dx dx 1 x 
or 
; m 
Cs x2 2x! | (: : i) # 0, (A 3.37) 
x 


which are bounded tn the interval (1, 1). 
The associated polynomial of wth order can be defined through the Legendre 
polynomial as 
zim ™ oe 
PS Als, eae? ae, (A 3.38) 
dx 
We shall now prove the validity of this relation. 
The equation for the associated Legendre polynomials (A 3.37') with the 
substitution 
z Cb xy" V(x) 


assumes the form 
Qo x*)¥" Qa IyxV' | (A mon i IYO. (A 3,39) 


We shall now show that Eq. (A 3.39) is satished by the oth derivative 
of the corresponding Legendre polynomials. We differentiate the Legendre 
differential equation (A 3.21) a times with respect to x. After some. simpli- 
fication, we obtain 


. Fa ; a ) dl” 
(I eo 20 | 1x 1 {20 mG | 1) » 


) AD 
an de? dx” 





QO. (A 3.40) 
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By comparison of these results with formula (A-3.39), we recognize that the 
function 





_ a y(x) 
is a particular solution of Eq. (A-3.39), Sear the expression 
Z=(1— x*)"" ¥(x) = (1 — x7)” s = y(x) (A-3.41) 
x 


satisfies the equation for the associated polynomials and is bounded for x= +1. 
For 
A=nti +1) and y= P,(x) 


formula (A-3.41) represents the associated polynomial of wth order. From 
this formula, it is obvious that P,”'(x) is different from zero only for mm <1. 

The associated Legendre polynomials form, on the basis of the general 
theory, an orthogonal system. Now we shall calculate the norm of the as- 
sociated polynomials. At the same time we shall prove its orthogonality. 
We multiply Eq. (A-3.40) (1 — x’)”" and write the result in the form 


d”P,, 
a 





d ads “1 a” |= 5 2\m 
—| ad —- Pr —[A- Mya —-:; 
+|a-% i [A — man + 1] ( x") 


If we set m' =m +1, then we obtain 


allies hi me a” Pe | = —(4- mn’ — DI — x)" ee ma eae . (A-3.42) 


We now introduce the relation 


: Cm) Umi ie nd” a” Pr» d"P, 
Una = Pr” COP,” (x) dx = 1-; 
k |, (x ) x x a dx” dx m 


Partial integration of the right side gives 
d™ 'P, d”" Pr ; i d™ 'P, d 3 d"P. j 
mk = Le" — —— —| (1 — x)" I ax. 
; Gra dx” a) ta “ey de eo ee) dx” |°" 
The first term on the right side is equal to zero. If we transform the integral 


remaining on the right by taking into consideration the differential expression 
(A-3.42), then we obtain 








——P, dx 





L™ 1 yf a — xy ep a 
Lk = [Gn + 1) — min ] \" x°) 1 ix™ —T 


=(a +m) —m+1L2y. 
By repetition of the above, we finally arrive at the formula 
Le, =Mtm(n tm —Ve Gt Dawes Ge —- m+ DLE 


— (a+ my! n! o 6. (at + mn)! 


ke Rs 
n} (1 — mt” (n — m)t" 


Hence, by using the equation 
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; 0 for R#n, 
So | POP ixdxr= 1 2 
abe ——— fork=un 
2n+ 1 


[see system (A-3.30)], we obtain the integral relation 
; | 0 for k#n., 
POOR. OO axe 2 (1+ m)! 
= ——— for k=n, 
2n +1 G7 — an)! ee “ 


(A-3.43) 


that is, the associated polynomials are orthogonal to each other and have a 
norm given by 


pie iP yea (A 3.43’) 


1 2n+ 1 (2 — m)!” 

9. The closedness of the systems of associated Legendre polynomials. We 
shall prove that through the system of associated polynomials P,”'(x) all 
bounded solutions of Eq. (A-3.37) are included. 

For 2= n(n + 1), each solution which is linearly independent of P,”'(x) 
is infinite at the point x= +1. For 4# 014+ 1), however, each bounded 
solution must be orthogonal to all P,'(x). 

We now show that no bounded solution “Of Eq. (A-3.87) different ve 
P,”" (x) exists. For this it is sufficient to show that the system {P,”'(x)} 0 
associated polynomials is closed, that is, there exists no non-identically es 
ing continuous function which ts orthogonal to all functions of the system. 


Lemma. Lach function f(x) continuous in the interval [—1, 1], which is equal 
to zero at the end points «= 1 and x = —1, can be approximated with arbi- 
trary accuracy uniformly by the associated Legendre polynomials of arbitrary 
order a. 


Proof. We note first that the derivatives of the Legendre polynomial 
(d™'dx™)P,(x) are polynomials of degree » -- m. Since an arbitrary polynomial 
in x can now be represented by a linear combination of these polynomials. 
and because of the Weierstrass approximation theorem, an arbitrary function 
J(x) which is continuous in the interval [—1, 1] can be approximated uniformly 
by linear combinations of the derivatives (d"/dx™)P,(x: 

I f(x) — ee Cn cS ee <e, if 1% > N(s). (A-3.44) 
By multiplying this inequality by (1 — x’) 


™/??) we obtain 


| fix) — os CnPa™ (x)| <¢, if to > Ne), (A-3.45) 
where 


fwHafok=wyr's (A-3.46) 


that is, an arbitrary function f\(x), which is represented in the form (A-3.46) 
by a function f(x) continuous in [—1, 1], can be approximated with arbitrary 
accuracy uniformly by linear combinations of associated Legendre polynomials. 
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We say that a function f,(x) belongs to class /7, if it is continuous in 
the interval (—1,1) and vanishes identically in a small neighborhood of the 
point x= +1: 


fix) =90 for |1—d|S|x[ <1. 
Since for each function f,(x) belonging to the class H, the function 


fi(x) 


f) = er 


is continuous in | -1, 1], our lemma is proved for a function of class H,. 

Now we consider an arbitrary function f(x) which is continuous in [—1, 1) 
and vanishes at the ends of the interval. Obviously, such a function can be 
approximated uniformly by a function /\(x) from the class H, with an accuracy 
of ¢/2: 


If - AW <>. 


If we now approximate /\(x) by a linear combination of the associated poly- 
nomials with an accuracy of ¢/2, 


no 
IA) -— MGI <p, Bi) = ¥ eaPa™G) 
then we obtain the inequality 
| f(x) — B(x) | <e 

with which our lemma is proved. 

We can now easily prove the completeness of the system of associated 
polynomials and, thereby, also the closedness. 

We recall that a system of functions {y,(x)} is called complete in the 
interval [a, 6] if an arbitrary function F(x), which is continuous in [a,b], can 


be approximated in the mean with arbitrary accuracy by linear combinations 
of these functions: 


| [ F(x) - ¥ cael 2)) dx <e for m > N(e). 


Obviously, each function F(x) continuous in [—1, 1} can be approximated in 
the mean with arbitrary accuracy by a function f(x) which is continuous in 
{—1,1] and which, for x= +1, is equal to zero: 


[" [F(e) — fo dx <e'. 


Now we take a linear combination of associated polynomials which ap- 
proximates f(x) uniformly: 


l f(x) — Sux) | <e”. 
Then, using the inequality 
(a+b) $a’ 4+ b°), 
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we obtain 
1 


i (F(x) — E,Pde < 2| [Flx) — fix) Pde + 2" eee ee, 
-1 1 -1 


for 2c’ + 4(e"’? Se, 


whereby the completeness and, at the same time, the closedness of the system 
of associated polynomials is proved. 


2. Harmonic polynomials and spherical functions 


1. Harmonic polynomials. A homogeneous polynomial which satisfies the 
Laplace equation 


Au = Uy, + Uyy + Ue, = 0 (A-3.47) 


is called a harmonic polynomial. 
As we can easily prove, the first two homogeneous harmonic polynomials 
have the form 


u(x, y,2)= Ax+ By+ Cz, 
U(X, y,2) = Ax’ + By’ —(A+ Bz’ + Cxy + Dxz + Eyz, 


where A, B,C, D, E denote arbitrary coefficients. 

We shall now calculate the number of linearly independent, homogeneous, 
harmonic polynomials 

Ue So “Rage ys (A-3.48) 
piqtr=n 

of degree ». A complete homogeneous function of the mth degree has 
(7 + 1)(m + 2)\/2 coefficients. Therefore, the right side of Eq. (A-3.48) can 
be written in the form 


n-1 
Qo,0,nZ" + (@1,0,n-1% + Ao,1.n-1¥)2 : 
~1 ~2 -1 
+ (@n-1,0,1%" + On~2,1,1%" Yor ess ae Gon-1,1)" )z 
-1 0 
a (On,0,0%" mai O@n-1,1,0%" ye eee ale Bo,n,oy )2 : 


n-l 


For 2” one coefficient appears, for 2” there are two,---, for z, finally, there 
are coefficients while for 2° there are altogether (7+ 1) coefficients. The 
total number of coefficients, therefore, is equal to 


nt +2) 
; , 


Eq. (A-3.47) imposes on the coefficients [(n — 1)]/2 linear homogeneous 
relations since 4U, represents a homogeneous function of degree » — 2. There- 
fore, the polynomial must possess not less than [(2 + 1)(2 + 2)]/2 — [G2 — 1)n)/2 
= 2n-+ 1 linearly independent coefficients. For the case in which the [(# — 1)n]/2 
relations are linearly independent, the number of independent coefficients 
must be larger than 27 + 1. 

We shall now show that only 2% + 1 coefficients are linearly independent. 
The coefficients a,,,,, of a homogeneous polynomial can be written in the form 


1+2+:--+a+a4+1)= (A-3.49) 
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] On 


qa. = TT: 
piqir! ax?ay%ez" 


Now, if #, is a harmonic polynomial, then a,,,,, for 22 can be expressed 
by the coefficients a,.¢.9 and a,,4¢,, whose number is exactly equal to 27 + 1. 
Therefore, 


Saal are Ea 
Par plain! ax?aytaz”? | az? 


—_ 1 a O'ttn O'My 
= | OS 
plain axPaytaz”? ax” ay 

= Bi@pr2,g,r-2 + B2Q@p.q+2,7-2 . 


If we now proceed correspondingly with the coefficients @p+o,q,r-2 ANd p,q-2,r-25 
then we have expressed the last a,,,, in terms of coefficients of the type 
Op.q.0(b+q=n) and agqi (b+q+1l=n). The number of coefficients of 
the type ap.q.o however, is equal to #+1, and the number of coefficients of 
type ay,¢,, equals m. Thus, the total number of linearly independent coefficients 
and, consequently, the linearly independent harmonic polynomials of the th 
degree exactly equal 27 + 1. 

We call all rational spherical functions (and also general spherical functions) 
homogeneous harmonic polynomials. 


2. Spherical functions. Spherical functions can be introduced simply in 
the solution of the Laplace differential equation for a spherical region by 
means of separation of variables. 

For this purpose we write the Laplace differential equation in polar co- 
ordinates 


1 0 f 2du 1 Of. | 1 aru 
4u-=z > os St gog— - = 0 ; A-3.47 
C= FS (7 x) - r’> sin @ a0 (sin 00 T ry’ sin’ 0 dy* \ ) 








and for the solution make the Ansatz 
u(r, 0,0) = RIV)Y@, ¢). 
For the determination of R(v) we obtain the Euler differential equation 
rR" + 2rR'’ —AR=0, (A-3.50) 


and for the determination of Y(,) we obtain the equation 











{3 72 Oy 1 ay 
Aeg¥ +2¥ = 2 fsin 9%. VSO: CASS 
ame sin 0 00 (sin a) Srey a \ 


with the auxiliary condition that Y(0,y) is bounded on the entire sphere. 
In particular Y(@, @) satisfies the condition 
Y(O,¢+27)= YO, 9), 
| YO, g~)| <0, | Ya,g)|<o. (A-3.51) 
The bounded solutions of Eq. (A-3.51), which possess continuous derivatives 


up to and including the second order, are called spherical functions (or also 
spherical surface functions). 


586 APPENDIX: SPECIAL FUNCTIONS 


The solution of the equation for Y(#,¢) is also obtained by use of separa- 
tion of variables, by setting 


YG, 9) = O9)MY) . 
The function @(y) satisfies the equation 
pp + pp =90 
and the periodicity condition 
My + 2n) = We). 


The equation for ®(y) for integers “=m” has only periodic solutions, 
that is, cos mg and sin mg are linearly independent solutions. The function 
O(6) is determined from the equation 


1 d/. ,dO ; fe 
_ g— , = 0 ’ 
sin 0 (sin ia) : (7 sin? a 


where its boundedness is required for 6 =0 and @=7. If we now introduce 
the substitution 





t=cos@ 


and write X(t)|:cose = X(cos 8) = O(7), then we obtain the equation of the 
associated Legendre polynomials, 


d 2 aX m 
—| (1 — t*)— A-—5)X=0, —l 1 A-3.52) 
ak ny S |+( a) (~l<t<1)  (A-382: 
for X(t). As we have already seen in Section A-3.1, Eq. (A-3.52) has bounded 
solutions only for 4= (a+ 1). These are 


X(t) |t=cos@ = Bed) le=cor a = Pee (cos 0) oa 00) , 
where m= un. 

We now want to enumerate the system of spherical functions of the nth 
order. For this we make the convention that those functions which contain 
cos ky have a negative superscript and those functions which contain sin kp 
have a positive superscript. Then we have 


m= 0 Y,,”’ = P, (cos 6) , 
m=1 Y,-"'(0,~)=P,"'(cos@)cosy, Y,''(0,y) =P, (cos4)sing , 
site os (A-3.53) 
m=k Y,-*"'(0,¢) = Pr" (cosé)cosko, Y,"'(0, 9) = Ps" (cos 0) sin ke , 
(k=1,2,+-++,n). 


The number of different spherical functions of mth degree Y,”'(0,q) is, 
therefore, equal to 22+ 1. A linear combination of these 27+ 1 spherical 
functions (A-3.53), namely, 
Y¥.9, 0) = 3 (Aam COs me + Bam Sin my)P"’ cos (0) (A-3.53’) 
m=0 
or 
¥(0,9)= 5 Cun¥i™@, 9) » 
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where 


Flos Anm form <0, 
wes Bam for m>QO 


is again a spherical function. 

The functions Y,°'(0) = P,(cos@) are independent of y; they are called 
zonal spherical functions. Since P,(t), according to the lemma in Section 
A-3.1(6), has exactly #2 zeros within the interval [—1, 1], it divides the spherical 
surface into 2+ 1 extended zones in which the zonal functions, as the case 
may be, retain their signs. 

We shall now consider the behavior of the functions 


: r a sin k 
y,**' = sin* o| TaePs t | ot 
dt" @) t=cos @ cos ke 
on the sphere. Since sin@ at the poles, sinky or cosky on the 2k meridian 
circles, and (d“/dt)P,(t), according to the lemma mentioned, are equal to zero 
on the » — k extended circles, the entire spherical surface is divided into cells 
in which Y,**'(0, ~) are called tesseral spherical functions (Figure 98). 


1p 
Q 





FIG. 98 


We turn now to the determination of the function A(r) and set 
R=r'. 


If we substitute this into the Euler differential equation (A-3.50), we obtain 
for o 


oa+1l—-nn+)=0, 
which is satisfied by the two values 
g=n and a=—(n+]1). 


Consequently, we have as special solutions of the Laplace differential equation 
the functions 


PV. 0,9) 5 (A-3.53'’) 
yin HL) Vo, y) ; (A-3.53'"") 
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The first of these obviously corresponds to the solution of interior problems, 
while the second function corresponds to exterior problems. 

We shail now show that these solutions of the Laplace differential equa- 
tion can be treated in terms of a homogeneous polynomial of the mth degree. 
The general term, for example, in formula (A-3.53’’) can be written as follows: 


v= r"sin' cos ky cos" * *¢, 


where q varies from zero to (#2 —~ &)/2. The function v can be represented as 
the product of three polynomials: 
V= lly + Un? Uy, 

where 

u, = r* sin* 0 cos ky = Re [rsin de’ }* = Re [(x + iy)*] , 

tl, = yr “q cos” *?4 0= 2” k-2q ; 

Uy == (x? + y+ 2°), 
From this it is apparent that the function 7” Y,"'(0,¢) is indeed a homo- 
geneous harmonic polynomial of degree k+n—k— 2g + 2g=n. 


Obviously, the spherical functions represent the values of the functions 
(A-3.53"’) and (A-3.53’’") on the unit sphere. 


3. The orthogonality of the system of spherical functions. We now show 
that spherical functions which correspond to different values of 4 are orthogonal 
to each other on the spherical surface ¥. Let Y, and Y, be two functions 
which satisfy the equations 


Ao,» Y, + AY, = 0, 4oy Y; + ALY = 0 (A-3.51') 
with : 
1 @a/...,¢ 1 @ 
do. = —— —([ sin 0— moot ae Ss 
°-? ~~ ‘sin 0 aA = 7) 7 sin’) dy” 
As can be shown by partial integration, 


aY,0¥%,. 1 @Y, ay. 
Vide SV aio Cees LES ii ( A-3.54 
|.) ee Lao 30 sin®d dp dy aH? 


(dQ = sin 0 dd dg) 




















holds. 
On the spherical surface we have 
gradu = on, 4- u an, 
a0" sind ap *’ 
Fey meee es ALN ae “| 
sin @ 00 09 
so that 


do ptt = div grad a. 


Formula (A-3.54), therefore, can also be written in the form 


| | Ye Y,dQ= - | | grad Y,: grad Y,- dQ. 


y ¥ 
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lf, in formula (A-3.54), the functions Y, and Y, are interchanged with cach 
other and the expression thus obtained subtracted from (A-3.54), we obtain 


oo | \¥sdos VoAatVide ree: (A 3.55) 


Formulas (A-3.54) and (A 3.55) are Green’s formulas for the operator of 
spherical functions. 

From formula (A 3.55) the orthogonality of the functions Y, and Y, is 
easily obtained. By using Eq. (A 3.51) we obtain, namely from formula 
(A-3.55), 

p= (Ax a a) | Yi¥,d2-—0 , 
whereas for A, # A, 
| |¥. ¥,dQ = 0 


or 


ane 
| | V0, )¥L0, ¢)sindddde 0 
Q 0 


follows. Thus the orthogonality of the spherical functions which correspond 
to different values of 4 is proved. 

In the above, for 2 2(2 4 1) we obtained a system of 22 + 1 spherical 
functions of the wth order. These spherical functions are also orthogonal to 
each other on the sphere. 

Let ¥;" and Y,"%° be two such spherical functions. By integration of 
their products, and bearing in mind formulas (A 3.7) and (A 3.26), we obtain 


| lit Vet ay \, Yrs g)¥n (0, 9) sin 0d dy 
x, 0 


0 


|" cos k, ¢ Cos ky ¢ dy \ Ps (cos OPA (cos 0) sin 0 dd 


0 0 


22. tl 
cos ky ¢ Cos ky o do PA OP dt ; 
fi re | ene (A-3.54’) 
0 for k, + ky, 

¢ -~- Py , ! 
aoe UE ED for ky hy ~k#O, 
2n + l(a —k)! 
ee 

Dipek 
In other words, the spherical functions defined by formulas (A-3.53) form an 
orthogonal system in the region 0S 0S 5,089 S$ 2z. For their norms we 


obtain 


for ky ~ kp 0. 





tr : >! 
[ yO Uw: of sin di dy me Z - (a+ ky (A-3.54"") 


2 ree ae 
| \ an-+ lo oo ky)! 


where ¢9 > 2 and ¢& 1 for k > 0. 
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Under the assumption that the function (6, >) can be expanded in a series 
of spherical functions [the possibility of such an expansion for twice con- 
tinuously differentiable functions will be proved more precisely in Section 
A-3.2(5)] which can be integrated termwise, we obtain 


f(0,¢) = ¥ 3 (Agm Cos me + Bym Sin me)Pi™ (cos 6) = F ¥,(6,¢) » 
n=0 m=0 n=0 


where A,, and 8,, are Fourier coefficients defined by 


22 
0 


|" re, ¢)P,”' (cos 8) cos me sin 6 dé dy 
v 0 


Aam a , 
Naum 
QnCz 
| | f(8, 9) P,,”' (cos 0) sin my sin 0 dO do 
— 0 J0 
Bam = Noin ’ 
2rtm (4+tm)! | _2 form=0, 


nm » om 


~n+1in—m)! “1 for m>O. 


The general solution of the Laplace differential equation can be represented 
in the form 


u(r, 6,0) = (Ly Y,(8, 9) 


for the interior boundary-value problem and in the form 
o a n+1 
u(r, 0,6) = z(4) Y.(4, 9) 


for the exterior boundary-value problem. 
If the boundary condition «|; = f(8, ¢) is given on the sphere of radius a, 
then we obtain 


£0, 9) = % Yul. 9). 


4. The completeness of the system of spherical functions. The complete- 
ness of the system of spherical functions defined by formula (A-3.53) will 
now be proved. To do this we shall first prove that each twice continuously 
differentiable function f(@,¢) can be approximated uniformly by polynomials 
in the spherical functions. 

For this purpose we consider the Fourier series of such a function. 


f(G,9) = ¥ [An() cosmy + B,,(8) sin me] . 


On the basis of the boundedness of the second derivatives, we easily obtain 
the estimates 
Anis, (Bl <%, 
m m 
where 
M = max| fee | 
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for the coefficients A, and B, of this expansion. From these estimates, for 
a sufficiently large m) = m)(c’), the estimate 


™O oo 
f- x [An@) cos me + B,(A) sin me]| = | Rn,| < 2M > me <«’ (A-3.56) 
m= m ™o I 


follows, where «’ > 0 is an arbitrarily prescribed number. 

The Fourier coefficients A,(g) and B,(@) are continuous functions of 6 
which are equal to zero for 6=0 and @=-x. Thus, on the basis of Section 
A-3.1(8), they can be approximated uniformly by linear combinations of the 
associated Legendre polynomials of the mth order: 


= Hs (m) e 

| Ano) 2k (cos a)| < Crean ae ; 
B(6) — +b PL™ | ee 
| Ba(0) — 3 buPE™ (cos )| <> 


(A~3.57) 


From the inequalities (A-3.56) and (A-3.57), however, we obtain 
mo n 
f(9,~) — E 3 [a,P;™' (cos 0) cos my + b,P,™’ (cos 6) sin my]| < 2c’, (A-3.58) 
m=0 k=0 


whereby the possibility of the uniform approximation of every twice con- 
tinuously differentiable function f(@,¢) by polynomials in spherical functions 
is proved. From this it also follows that every continuous function can be 
uniformly approximated and, therefore, also approximated in the mean by 
polynomials of spherical functions. Consequently, the system of functions 
(A-3.53) is complete. From the completeness follows the closedness of the 
system. 

We have therefore shown that the equation for spherical functions for 
4# n(n + 1) possesses no bounded solutions and that every spherical function 
of the ath order (2 = n(n + 1)) is representable by formula (A-3.53’). 


5. The expansion in spherical functions. Spherical functions are the 
bounded eigenfunctions of the equations 








: & (sino) feat OH gee Mer. tigw Paw (ABS) 
sin 6 06 66/  sin?@ dg? i 

on the surface of the sphere (0S ¢ S$ 2z,056 7). In order to prove that 
each twice continuously differentiable function f(@,¢) can be expanded in a 
series of spherical functions, we make use of the corresponding integral equa- 
tion. For this purpose we construct the Green’s function of the equation 





1 6 /.. ,du 1 ou 
49. t= — — (sinéd—)+ —- —; = 0, A-3.60 
oe Sin 6 00 ( oy sin’ @ dy” 
with the additional requirement that the solution for @=0 and @ == is to be 


bounded. 
As already noted above, on the spherical surface we have 


4o,,u = (div grad w)¢, . (A-3.61) 
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Equation (A-3.60) can be regarded as the equation of a stationary temperature 
distribution or a stationary electrical current on the spherical surface. 
From this viewpoint, it is also clear that no solution of the homogeneous 
equation 
Ap,,u = 9 (A-3.62) 


can be constructed, showing a singularity only at one point. For the exist- 
ence of a stationary temperature distribution, therefore, it is necessary that 
the sum of all sources and sinks equal zero. 

For this reason we introduce a generalized Green's function. In our case, 
this is defined as the solution of the equation 


4oyu=q, (a = x) ; (A-3.63) 
An 
which is regular everywhere with the exception of the pole @=0; there it 
possesses a logarithmic singularity. The right side of Eq. (A-3.63) gives the 
density of the negative sources (sinks) of heat which are uniformly distributed 
on the spherical surface, so that 


| [4 fet, (A-3.64) 
z ‘ 


With the assumption that the Green’s function sought depends only on the 
variable 6, we obtain for uw an ordinary differential equation with the solution 


“= —qinsind + ¢lntg— (A-3.65) 


Now, if u possesses a singularity only for 6 =0, then necessarily 


c=-4q, 
and consequently, 
c= — 2g in sin + —qin2. 


Since ~, = const solves the homogeneous equation, Green’s function G is de- 
termined only to within an arbitrary constant. Therefore, we can write: 


G=- S Insin a ' (A-3.66) 


TT 
If the source lies at the point M,, then Green’s function has the form 


GUM, M,) = - a In sin Tmo (A-3.67) 


where yarm, is the angle between the points Mo(, ¢o) and M(é, a 
We turn now to the solution of the inhomogeneous equation 








~ a2 
Ao ylt = Ea? (sino) fe Oe Rp, ce). (A-3.68) 


sin @ G0 a0 sin’ @ 60° 
57 The angle 7 is calculated from the formula 


cos 7 = Cos cos Jp) + Sin dsin fp cos (y — Gr) - 
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This equation can possess only a regular solution everywhere on JX, if 
the condition 


| Piet (A-3.69) 


is satisfied. This condition says that the sum of the sources and sinks must 
be equal to zero. We obtain it easily from Green’s formulas established in 
Section A-3.2 (3) for the operator 4y,y. 

Now we shall show that each solution of Eq. (A-3.68) which satisfies the 
condition (A-3.69) can be represented in the form 


uM) = | ou, P)F(P) dop + A. 


yr 


Here A denotes a fixed constant and G(M, P) is the Green’s function defined 
by Eq. (A 3.67). Let M be a fixed point on the sphere which we choose as 
the north pole (9 =0) and let M, be its diametrically opposite point. The 
points M and M, are then singular points of Eq. (A-3.68). We surround these 
points with small circles K", K2" and consider the integral 


l= \| yy dG — Gdu) do . 
Borla? =k? 1 
By substitution of the expression for Jw and JG into the right side, we obtain 
Qn are a 
of. 0G 0 [... dt 
= —( sind — G—(sind—)|d0d 
: \ | 35 (sin i) "30 (sin a) ? 


n-E 2n a2 a2 
+| sae | ue < ~ 658 | dp. 
« Sind Jq oy oy 











Now, if we bear in mind that in the square brackets the derivatives of the 
expressions 














there results 


2n m-t 
[= a | sin + cos + ctg = «| dy 
—3,| singin sin | ia =fA+h, 
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From this it is apparent that 


lim /, = uM) and lim /f, 0. 
e 0 


rao) 


Consequently, 


y 


uM) = | Joum, P)FUP) dep | A, (A-3.70) 


where 


A= iz\,\ uda 


is constant. The solution of our problem is defined only up to an additive 
constant. Thus, when 

| | ds 0, 

‘ 


the solution is given by the formula 
u(M) = | [oum, PIP) dap . 


By application of Eq. (A-3.70) to the cquation for spherical functions Jo,,2 
= —jJu, we arrive at the following conclusions. 

The spherical functions defined by Iq. (A-3.53) represent the totality of 
all linear independent eigenfunctions of the integral equation 


u(M ) =: i| | Gow. P)u(P) dop 
with symmetrical kernel G(M, P) defined by Eq. (A-3.67). 

The general theory of integral equations with a symmetrical kernel is 
applicable to this equation. From this theory it follows that each twice 
continuously differentiable function /(0,¢) can be expanded in a uniformly 
and absolutely convergent series of spherical functions: 


fl, 0) = ¥ V0.0) = ¥ ¥ (Aan cos me + Ban Sin me)P.™"'(cos 0), (A-3.71) 
n=0 n=0 m=0 
where 
Y,0, g) = 5 (Anm COS me + Bam Sin my)P,”™ (COS A) (A-3.72) 
m=0 


and Aj.m, Baim denote the Fourier coefficients. 


3. Some examples of the application of spherical functions 


1. The polarization of a sphere in a homogencous field. As an example 
of the application of spherical functions, we shall treat the problem of the 
polarization of a dielectric sphere in a homogencous field. 

Consider an electrostatic field in a homogeneous isotropic medium with 
the dielectric constant ¢,. In this medium we place a dielectric sphere of 
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radius @ with dielectric constant e, (Figure 99). We seek the potential of the 
resulting field in the form 


oe {‘" uy + v, outside of the sphere 
Ue = to + v, inside of the sphere. 





ee 
ee 


Rm ee ee 


€2 > & 
FIG. 99 


Here uw, denotes the potential of the field which would be present in the 
absence of the dielectric sphere, and v is the perturbation of the field caused 
by the presence of the sphere. The potential u satisfies the cquation 


4u=0 
with the additional conditions 


uy; = WU, On S 


ns. 





The boundary of the sphere is S; the values of « outside and inside the 
sphere are #, and tw, respectively. From this it follows that the potential v. 
can be determined from the requirements 











dv=0, (A-3.73) 

Vi= ve ons, (A-3.74) 

eg eee cons: (A-3.75) 
on on on 


since for the function wu), we have 
4 =0, (Uo), = (to)2 on S, 
() = (st) on S. 
on 1 on 2 
On the right side of the Eq. (A-3.75) is a known function of @ and gy, which 
we expand in spherical functions 





Oly 
on 





"5 V0 8): 
nod 


Ss 
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If we now set 
oo a n+l o x ni 
n= 3 () ¥A0¢), w=s (+) ae 


then, by consideration of the boundary conditions (A-3.74) and (A-3.75), we 
obtain 








Y, = ¥ ’ 
and 
co i n+l oo m—-1 _ os 
As =e (s) Y| -«34(4) %| =-e-o3y, 
n=0 Y Yr ran n=0 @ a wisi n=0 
from which 
YiSy _ ba = e)a (A-3.76) 


"ex( + 1) + eon 
follows. 
We shall consider a special case. The sphere is immersed in a homo- 
geneous parallel external field Ey, which is parallel to the z-axis. The potential 
of this field is equal to 


uy = — Eyz = — Eqrcosé, 

so that 
OU 
on 


_ buy 
Ss or 


From Eq. (A-3.76) we obtain 


Y,=0 forn#1, 





== Ey cos 6 = Y,(@) . 


r=a 








Fi (6, — e2)a 
Y, = — E, cos 6 
; aie 2e, + &9 


For the potential of the resulting field in the presence of the sphere, 





3 
“= x2) } + g>*(4) | outside of the sphere, (7 > a), 
22, + €o Yr 
to = — Eoz z inside of the sphere, (7 < a), 


2e, + & 


from which 








0z 26, + & 7 
Cue 32, 

E, = 
oz 26, + 2 


follows, that is, the field inside the sphere is parallel and homogeneous. 

If ¢ >, then the equipotential surfaces are represented by planes which 
are perpendicular to the direction of the field and lie further apart than in 
the original field without the sphere. The lines of force, which are the 
orthogonal trajectories of the equipotential planes, are imbedded in the sphere 
with the larger dielectric constant. In the case ¢, > «, the picture is reversed. 
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In a similar manner, the problem of polarization of a sphere in the 
presence of a point source can be solved if the expansion of 1/r in spherical 
functions is employed (see Section A-3.1). 

Let us recall that the corresponding problems in the investigation of 
magnetic and thermal fields, as well as for fields of stationary electrical 
currents, occur when the existing inhomogeneity has the form of a sphere. 
For thermal problems, in the boundary condition (A-3.75), in place of e, and 
e, we have the heat conductivity coefficients k; and k.; in the case of a 
magnetic field, the magnetic permeabilities », and y,, and, finally, in the case 
of a field of a stationary current, the conductivities 2, and d,. 


2. The eigenvibrations of a sphere. The eigenvibrations of a sphere of 
radius 7) with homogeneous boundary conditions of the first kind will now be 
determined. This problem leads to the determination of the eigenvalues and 
eigenfunctions of the equation 

4v+ihv=0 (A-3.77) 
with the boundary condition 
v=0 (A-3.78) 
on the surface of sphere. If we introduce polar coordinates and place the 
origin at the center of the sphere, then Eq. (A-3.77) has the form 


- 2 (ne) we F729 +4 =0, (A-3.77’) 


where 








fay 5 a2 
Joe = > (sino) + d — : 


: a 22 Sal 
sin @ 066 00 sin’ @ oe 


The solution of this equation is determined by separation of variables in 
which we set 


u(r,6,¢) = RIV)YG, 9). (A-3.78') 
If we put this into Eq. (A-3.77), then we obtain 
# (28) 
ee are ar =a (A-3.79) 
from which 
AoeY + pY¥ =0, (A-3.80) 
1 d/.2dR é Le 
ate tk (ie -—0 A-3.81 
r? a” i) tl f)R arg oh) 


follow. 
For the solutions of Eq. (A-3.80) we naturally require that they are 
bounded at the poles of the sphere 


[Vlseoe < 6 (A-3.82) 
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and possess the period 2x with respect tog: Y(@,%)= Y(@,9 + 2m). These re- 
quirements are satisfied by the eigenfunctions corresponding to the eigenvalues 


f= n(n + 1) (A-3.83) 

and, in fact, to each of these eigenvalues belongs the 2” + 1 spherical functions 
Y,7'(6, ¢) = P,”' (cos 0) cos je , 

Y,"'(6, ©) = P,?’ (cos 0) sin jo , 

We turn now to Eq. (A-3.81). By consideration of Eq. (A-3.83), the boundary 


condition for r=~7,, and the boundedness condition for r=0, we obtain the 
eigenvalue problem for R(r) 


(7-0; 1 25 sce )s (A-3.84) 





A d(j,.dR = fo) = _3.8)' 
alt a) (3 ry? Ra (A-3.81') 
R(ro) = 0 ’ (A-3.85) 
|R(O)| < 0c. (A-3.86) 
With the help of the substitution 
_ Y) E 
Rr) = Ro (A-3.87) 


Eq. (A-3.81’) leads to the Bessel equation of order (x + $) 
2 
yi tcy' tan (n +» Jy=o, (A-3.88) 


whose general solution has the form 
(7) = AJnsiplV 27) + BN lV 27) (A-3.89) 


[see Section A-2,1 (1)]. From the boundedness requirement (A-3.86), there 
now follows 


B=0. 
Furthermore, the boundary condition (A-3.85) gives 
AJnntlV 2 ro) =0. 


Since only the nontrivial solutions are of interest to us, A #0 and, consequently, 


TnsifXV A Yo) = 0. 





Now let vi"', v2"’, ..., ue’, ... be the roots of the transcendental equation 
JnvipXv) = 90. (A-3.90) 
Then ee 
dae cS ) (A-3.91) 
Yo 


are the eigenvalues sought. Each eigenvalue 2n,. corresponds to 27+ 1 
eigenfunctions. We introduce the expression 


on ; 
$x) = ae Tntis2(X) - (A-3.92) 
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Then the eigenfunctions of Eq. (A-3.77) with the boundary condition (A-3.78) 
can be represented in the following manner: 


in) 


v 
Ua.m ji" a, ¢) = de( = 
0 


r 





r) V0, ¢) , 


GS Sls Oa (A-3.93) 


We shall now treat the first interior boundary-value problem for the 
vibration equation 
4v + kv =0 (A-3.94) 
with the boundary condition 
v= f(0,¢) (A-3.95) 
on the surface of a sphere of radius 7%. 


From the above investigation we infer that the solution of this problem 
can be represented in the form 


—F FS ¢ GHlkN) ying A-3.96 
u(r, 0, y) 2, ian Fai Palko) Yon (0, ¢) ’ ( . ) 


where f,,; are the coefficients in the expansion of /(@, ») in spherical functions 
fOg)= SX fsi¥eO9)- (A-3.97) 
n=0 jo—n 


If &’ coincides with one of the eigenvalues 


piro! 2 

2 m 

k = Angre = ( w ) ’ 
1 


then the problem (A-3.94)-(A-3.95) does not have a solution for every function 
(9, ¢). Formula (A-3.96) shows that our problem has exactly one solution 
if the coefficients fngi are equal to zero: 


Sngi = 9 





or 
nr per 
| | flO. ©) V0, ©) sin 0 dd dp =0. 
0 J0 


If these conditions are satisfied, then the solution is given by formula (A-3.96) 
in which the missing summands correspond to the index »=2,. However, 
here the solution is not uniquely determined since it still can include an 
arbitrary linear combination of eigenfunctions which correspond to the eigen- 
value k* = among: 

3. The exterior boundary-value problem for the sphere. The exterior first 
boundary-value problem for the sphere reads 


du +kv=0, (ke >0), 
Ulr=r, = FO; ¢) , 


»=0(—) for r- 0 
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f-00 


lim (2 + ikv -=0, (radiation condition). 
or 


As was shown in Section 7-3, this problem possesses a unique solution. We 
first expand the function sought and /(#,¢) in a series of spherical functions 


u(r, 6,9) = 2. LD RANY.7 6, ¢), 
n=0 jan 


f4,9) = 2, 2 Snivn O) y) 
n=0 f=--n 
The expansion coefficients R,(vr) obviously satisfy the equation 
juga cae (e yaa) > Ry =e 
r r 
the boundary condition 
Rr) = Tn , 


and, further, the radiation conditions for r— ©: 


Rr) = o(-) ; 


lim 7(R, + ikR,)=0. 
The general solution of this equation has the form [see Section A-3.3 (2) and 
Vol. I, Appendix, p. 364] 
Rar) = Anbn' (RY) + Babn (RY) 


where 


Cn (p) = \z Ayss(p) , 


C29) = \z Hodis aesens 


Now if we use the asymptotic representation of the Hankel functions 
H,'(o) and H,”’(p) (see Vol. I, Appendix, p. 364) 


Hp) a A he shale 
rp 


Hp) = {oe + gad 


(the dots denote those terms of higher order which are smaller than 1/p), 
then for the functions ¢;'’ and €,’ we obtain the asymptotic representations 


gilkr—(rns2i—(r/Ar] 


oer) = — 4. , 
Yr 


ge ilkr—(1m/2)—t4/4)] 


O(n) = +... 
Yr 
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< (2 
As we see from these representations, only £,'' 


tion. Thus 


satisfies the radiation condi- 
A,=0. 
From the boundary condition for 7 = 7. we obtain 


Soni 
Buy = 
; Co (Rro) 


From this we obtain the function v(r, 0, ¢) in the form 





2 us fasen er): jy) 
9, n a, o)y 
ah ") a P Piece Cn (Rk Yo) - ) 


where 
roaan 
| | £0, YM, ¢) sin 6 dd de 
— JoJo 
fas =<" 
and 


oT 
NGS | | [Yi }*sin 0.0 de 
0 0 





_ axe; (a+ 7)! ete ie oe 
ant+1la—jyt 7” 1 js>0 


are the norms of the spherical function Y}’'(, ¢). 
A-4. THE TSCHEBYSCHEFF-HERMITE AND THE TSCHEBYSCHEFF- 
LAGUERRE POLYNOMIALS 
1. The Tschebyscheff-Hermite polynomial 


For the treatment of the linear harmonic oscillator in quantum mechanics, 
we arrive at the equation 





ad’ dy 

re ~ 2x Xie +Av=0, (A-4.1) 
which can also be written in the form 

4 jee | Ee aa ee (A-4.2) 


The Tschebyscheff-Hermite polynomials are defined as solutions of eigen- 
value problems for Eq. (A-4.2) on the unbounded straight line — o < x < 
with the following boundary condition: The solution, as x— oo, is to be 
infinite only as the same order as a finite power of x. 

We shall seek the solution in a power series: 


ys 5 AnX” . (A-4.3) 
n=0 
If we put series (A-4.3) into Eq. (A-4.1), we obtain 


y {noon + 2)(2 + 1) — 2na, + Jan}x” = 0. 
n=0 
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From this we obtain, for the coefficients, the recursion formula 


= 2n — A F 
(n+2)n+1) 7° 


From formula (A-4.4) it follows that series (A-4.3) for a, = 0 contains only 
even powers of x and for a,=0 only odd powers of x. The coefficients a, 
and a, are arbitrary constants which determine the special solutions of Eq. 
(A-4.1). 

For 4 = 2n, Eq. (A-4.1) is solved by the polynomial of the mth degree 


(A-4,4) 


Ante 


H,(x) = Ay + aox® +++ + ax”, (n-even), 
or (A-4.5) 
A(x) = ax tagxi t+) + a,x", (n-odd). 


Except for the normalizing factors, these are indeed the Tschebyscheff- 
Wermite polynomials. They represent eigenfunctions of the boundary-value 
problem considered. 

If 2 + 2n (that is, if 2 is not an even nonnegative integer), then the power 
series possesses infinitely many coefficients different from zero which, with 
the possible exception of finitely many terms, have the same sign. In this 
case, there exists a term a,x" with sufficiently large » which for x—> 0 
becomes greater than an arbitrarily prescribed power of x. Accordingly, the 
power series does not satisfy the boundary conditions posed and, therefore, 
cannot be a solution of our boundary-value problem. Thus we have shown 
that the Tschebyscheff-Hermite polynomials are unique solutions of the 
problem. 

From the definition of the Tschebyscheff-Hermite polynomials H,(x), we 
are led to introduce the generating function 


U(x, th = ee? (A-4.6) 


and its expansion in a Taylor series in the variable f: 
Wx, = eet =F Hila) (A-4.7) 
n=0 ny 


We see immediately that the expansion coefficients H,(x) are polynomials of 
the mth degree. 

We shall now show that the polynomial H,(x) coincides with the poly- 
nomial H,(x) defined by Eq. (A-4.5) except for a proportionality factor. From 
the relations 


oF = on 
Ox 
and 

ov 

—+2¢—x)¥ —0, 

ot 
we obtain 

Hi(x) = 2nH,-1(x) (A-4.8) 
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and, correspondingly, 
An+ = 2xH,, + 2nHAy-y = 0 . (A-4.9) 


Furthermore, from Eqs. (A-4.8) and (A-4.9) we find that H,(x) satisfies the 
equation 
H,’ — 2xH, + 2nH, =0. 


In other words, the Tschebyscheff-Hermite polynomial H,(x) coincides with 
the polynomial H,(x) except for a proportionality factor. This remains un- 

determined in Eq. (A-4.5). 
From Eq. (A-4.7) the following differential formula for the Tschebyscheff- 
Hermite polynomials is obtained: 
any 


H,(x) = re = (— 1)" 


ot” 


ae da” _y 


‘ A-4.10 
dx" c ( ) 





In particular, we find a, = 2”. 
By using this formula, we obtain for the first five polynomials H,(x): 


Aj(x)=1, 
A,(x) = 2x , 
Hix) = 4x7 —2, 


H,(x) = 8x° — 12x , 
H,(x) = 16x‘ — 48x° - 12. 


The Tschebyscheff-Hermite polynomials form, as we shall show, an 
orthogonal system with density e* in the interval — 0 <x < co: 


0 for m 4H (A-4.11) 


oo —x2 = 
| An {x)Hn(x)e* dx = to'y!/F for m=n. 


-~ 


Thus, 
J= |" Halx)H(xe* dx = (— 1)" |: Hal (eo) dx. 


oo oo 


We take m=. By partial integration and by consideration of both formula 
(A-4.8) and the fact that for x— oo the product of each polynomial with e™* 
and all the derivatives of arbitrarily higher order vanish, we obtain 


Aust a: 
Anan ‘\dx= +: 


J=C- "2m | 


= (— 1)" "2"! |" A dx. 
oa AX 
If m <2, then 
Fea 2 |2 
J = = Ln ce ) le, => 0 : 


If m2 =n, then 


oo 


J=2"n! | ee dx = 2 nly= , 
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since 


| er dxa=Wa . 


—0 


Thus the relations (A-4.11) are proved. 
In applications, the functions 


H,(x)en”/? 
Veal a 
are often used. These form a normalized orthogonal system in the interval 


—co <x<oo. They satisfy the equation 


gn + ((2n +1) — x"]o, = 0. 


r(x) = 


2. The Tschebyscheff-Laguerre polynomials 


1. The Tschebyscheff-Laguerre polynomials can be defined as solutions of 
the equation 


xy +(1l—x)y +ay=0, (O< x < 0), (A-4.12) 
or in the self-adjoint form 
(xe“*y')' + de*y = 0, (O°< ae, ce):, (A-4.12’) 


with the following boundary conditions: The solutions, bounded for x =0 
and for x-»> oo, do not become greater at infinity than a finite power of x. 
We form the solutions of Eq. (A-4.12) as a power series in x: 


y= 2 a,x". (A-4.13) 
If we introduce Eq. (A-4.13) into Eq. (A-4.12), we find 


5 [Qn4i( + Lat + Quast + 1) — nan + 2a,|x” = 0 
n=0 
or 


5 [ans + 1)? — a(n — A]x* = 0, 
n=0 

from which, for the coefficients of series (A-4.13), we obtain the recursion 
formula 


n— 


= —— 4, . -4.14 
(a +- 19° e (e 


Ans 
The coefficient @ can be chosen arbitrarily. It corresponds to a special 
solution of Eq. (A-4.12). For 4= 2, Eq. (A-4.12) has a polynomial of the 
nth degree as a solution. If @ is so chosen that the coefficient of the highest 
power x” is equal to (— 1)", then we obtain directly the Tschebyscheff-Laguerre 
polynomial 1,(x%). Thus a@ == zt. 
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The first five polynomials L,(x) read 
Li(x)=1, 
Liixs)=—-—x+i1, 
Lio = x — 4942) 
Lox) = — x° + 9x? — 18% +6, 
Ly(x) = x' — 16x*° + 72x? — 96x + 24. 


The Tschebyscheff-Laguerre polynomial has the generating function 





enttsii-t 
Vx p= (A—4.15) 
l1—t 
If this is expanded in powers of ¢, then we obtain 
errtiiint) ed fu 
V(x, ) = ——— = S L,(n—, (A-1.16) 
] = t n=0 n} 
where the expansion coefficients L,(x) are equal to 
Roa ro" (x, S| 
ie f ot" t=0 
or 
ry x d" nN o-Xx 
En(x) = ec’ ——(x"e™") . (A-4.17) 
ax 


From this we see that L,(x) is a polynomial of » th degree. 
Now we prove that 


L(x) = L(x) . 


To this end we show: 

(a) The polynomial L,(x) satisfies the Tschebyscheff-Laguerre differential 
equation. 

(b) The coefficient of x” is equal to a, =(— 1)”. 

Property (b) follows easily from formula (A-4.17). Property (a) we shall 
prove as follows: 





We set 
= d"z 
L,(0 = é& 
Mae dx” 
with 
z=x"e"* 
Then 
dz Nz 
dx = x! 


so that we obtain the equation 
x2’ +(x —n)z=0 


for z. 
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By (2 + 1) times differentiation, we obtain the identity 
xg"?! ay (x ze he ay (n oe 1)2'”’ = 0 , 


that is, the function 





ee d”z 
dx” 
satisfies the equation 
xu + (xt lu’ t+(nm+lu=0. (A-4.18) 
Now we calculate the first two derivatives of L,: 
Li=e(utu’), (A-4.19) 
and 
LY = e'(ul’ + Qu’ + au). (A-4.20) 


Using Eqs. (A-4.19), (A-4.20) and (A-4.21) we then find 
xl + (1 — o)Lh = e [xu + + xu’ Hu) = — nL, , 
that is, L,(x) satisfies the differential equation. 
cE +(1—x Lit nl, =0. 


With this, however, we prove that L,(x) = L,(x). 

Consequently, for the Tschebyscheff-Laguerre polynomial we obtain the 
differential formula 
a” 
dx” 





LoS (e*x"). (A-4.21) 
Using Eq. (A-4.12) for L,(x), we can easily see that the polynomials 
L,,(x) and L,(x) are orthogonal to each other with weight e* form+#n. We 
shall prove the orthogonality starting from the differential formula, since 
with this the norm of L,(x) is also obtained. 
First, we consider the integral 


j= \" Ln(x)LA(x)e* dx = \ Ena) (xe) dx. 
0 0 dx 


Let msn. By m partial integrations, we obtain 


Sra ae 0 
ar eee aie ene atic 
J ( ) \ dx” dx""™ 





(x"e*) dx, 


since the term which contains the factor of the form x*e~*(k > 0), vanishes. 
If m <n, then by repeated partial integration and because (d”*'/dx”*')L, = 0, 


we find that / = 0, that is, we obtain 
[7 Ln(xLa(a)e* dx=0. 
0 


However, if #2 =n, then we obtain 
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ees Phe L"nlxte de = n(n +1) = (nd). 
0 


Thus we also obtain 


[nl xdLa(a}e™* de ss ‘e HOR ae bs (A-4,22) 
‘ (a!)" for m=n, 


In other words, the Tschebyscheff-Laguerre polynomial L,(x) forms an or- 
thogonal system of eigenfunctions of the differential equation (A-4.12) (with 
weight e*) which corresponds to the eigenvalue 7 = n. 
The normalized polynomial has the form 
L,(x) 1 , d” 


= = "oe * 5 -4.2 
1,(x) rm a e iw (x"e"*) (A 3) 








To the Tschebyscheff-Laguerre polynomials correspond the orthogonal 
normalized functions 


-1/2 


L.(%) , (A-4.24) 





Yn = 


n! 
which satisfy the equation 
(apy + (> - 4) 0+ ip =0 (A-4.25) 


and are bounded for x = 0 and for x— © are equal to zero. 
Often we also must consider the functions 


S,=2° bs, (A-4.26) 
which are solutions of the self-adjoint differential equation 
2 
(xts'y — t's 17S =0 (A-4.27) 


and which for x — oo are equal to zero. In both cases, the eigenvalues are 
positive integers 


A=n. 


The orthogonality relations have the form 


: _ f0 for m#n, A-4.28 
DNAS) OE ‘i form=n, \ ) 


["Sa(2)Suda Hea, Popa ae, (A~4.29) 
0 


2. In the investigation of the motion of electrons in a Coulomb field, as 
well as in an entire series of other problems of modern physics, besides the 
polynomials L,(x), the generalized Tschebyscheff-Laguerre polynomials 


¥HN=O.7), (ssn) (A-4.30) 


occur. The polynomials (A-4.30) satisfy the differential equation 


608 APPENDIX: SPECIAL FUNCTIONS 





xy” 4 (s+1—xy'+(4- ety ee Ue (A-4.31) 
which can also be written in the self-adjoint form 
(x? le*y’y! a ver (a a $s + 1 \y —QO. (A -4,32) 


The boundary conditions here read: 
y(x) is finite for x = 0, 
y(x) is of order x” (2 > 0 and finite) for x- > o. (A-4.33) 
If we write the solution of Eq. (A-4.31) in the form 
y= dar", (A-4.34) 
n=0 


then we obtain the recursion formula 


_nt(st+ 2-2 





att = a A~-4.35 
oe nn + s) 2 ( ) 
for the coefficients. If 

pistes : bs (A~4.36) 


where n is a positive integer, then series (A-4.34) truncates after a finite 
number of terms and we obtain a polynomial as a solution. 

The coefficient a, is arbitrarily chosen. The normalization of the solution 
is determined by it. If @ is so chosen that the coefficient of the highest 
power x” is equal to (— 1)” 

a, —(— 1)", (A-4.37) 
then we obtain the generalized Tschebyscheff-Laguerre polynomials. Obvi- 
ously, these represent the unique solutions of Eq. (A-4.32) which satisfy the 


requirements (A-4.33) and (A-4.37). 
The generating function of the polynomials Q,°'(x) is the function 


mat /(l-t) 
yr ne A-4.38 
=a ( ) 
since the MacLaurin series of (x, t) has the form 
W(x.) = 3 Qa). (A-4.39) 
n=0 . 


For s=0, we obtain formula (A-4.16) for the Tschebyscheff-Laguerre 
polynomials. 
For Q;"'(x), the differential formula 





2 (x) — — us (e-*x"**) (A-4.40) 
x dx 


holds. 
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Thus we recognize at once from 
can 
Tie) = 


that 7,"'(x) represents a polynomial of the 2th degree, where the coefficient 


x Sua a 








of x” is equal to (— 1)”. 
Now we show that the polynomial 7,°'(x) satisfies Eq. (A-4.31) 


For this purpose we introduce the function 


n+s —x 
CP. 


2% 
Obviously, in this case the relation 
xz’ + (x—n—s)z=0 
By differentiating (#2 + 1) times with respect to x, we obtain 


holds. 
in+2) ts (x ae ] _ sin? + (n ae 1)z'”! = 0 P 


that is, the function 





Satisfies the equation 
xu’ +(x+1—s)u' +n 


If we calculate the derivatives of 7,"(x), then by consideration of the last 


+lu=0. 


equation for wu we obtain 
v 


dT,” x 
x oF = xT,” ze sT,” + ex atl , 
x 


2 (8) (a) 
os = (x — s— 1)—*- + TD + etx xu” 





+(x«—s+])u’] 





(8) 
in —aT,’, 
Xx 





= ( 


that is, the polynomial 7,,°’(x) satisfies Eq. (A-4.31) for 2= n+ (« 
However, from this there follows immediately 
Tn’ (x) = Qn''(x) . 


+ 1)/2. 


We shall now prove that the generalized polynomials with weight x’e 
are orthogonal to each other in the region 0 < x < ow. Moreover, we shall 


calculate their norms. 

First we consider the integral 
J= - (al Me e* *d ° ita) ae xX, n+8 d 

=| Qn CoRR \ Bln ow Oe ae 





Let m <n. By m partial integrations we obtain 
(e-*x"**) dx . 


J=(-1" \ oe i 
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If n2<m, then by repeated partial integrations we obtain /=0 because 
Am ION dx" = 0, that is, we find 


\" nQs ine x? dx=0. 
If #2 = 2, then we obtain 


/= nt| ex dx = ntl a+s +1), 


0 
that is, 


( [Q,'(x) Pex? dx = nl Tin + 541). 
Therefore, we have 


at ; 0 for me#n, (s>—)) 
- lx = , A-4.41 
\" Qn (Qn (x)e "x! dx ane +s+1) form=n. ( ) 


To the generalized Tschebyscheff-Laguerre polynomials Q,,’'(x) correspond 
the orthonormalized functions 


xe *POW'(x) 


0, (x) = A-4.42 
@) Vallnest) ( ) 
| Do" (x)O3."(x) dx = ‘ for m # Wy 

1 form=n, 

which are solutions of the equation 

dav x 

_ ,; —- — — —)\G=0 -4, 

Cera ae rao) (A-4.43) 
for the eigenvalue 

= ae Lo 
A=n+— 5 


The boundary conditions which these functions satisfy are obvious from 
the above observations. Often we use the normalized polynomials 


* (a) _ eo) = 
Qn (x)= Peay urea (A-44.4) 


3. Simple problems for the Schrodinger equation” 


1. The Schréddinger equation. In quantum mechanics the behavior of the 
particles in a potential field are described by the Schrédinger equation 


poe ht A-4.45 
t Pca On p+ U(x, y,2, bp. (A-4.45) 


68 The problems treated here for the Schrédinger equation are considered as examples 
of the application of the Tschebyscheff-Hermite and Tschebyscheff-Laguerre polynomials. 


Our investigations make no claim to the complete clarification of questions related to 
the Schrédinger equation. 
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Here # = 1.05-10°" erg sec denotes Planck’s constant, » is the mass of the 
particles, U its potential energy in the force field, and ¢ = (x, y,z, t) is the 
wave function; further, i= U/—1. 

If the forces are time independent, U = U(x, y,z), then stationary states 
for the given energy state are possible, that is, there exist solutions of the 
form 


b = P(x, y, ze CEIA , (A-4.46) 


where E is the total energy of the particles. If we put this expression into 
Eq. (A-4.45), we arrive at the second Schrédinger equation 


Ap? + 2E(E ON = 0%, (A-4.47) 


in which E plays the role of an eigenvalue yet to be determined. In the 
following discussion, in place of ¢° we shall write ¢: 


bb + ae ype. (A-4.48) 


If no force field is present, then U=0O, and Eq. (A-4.48) assumes the 
form 


Ap + a =0. (A-4.49) 


We immediately recognize the similiarity of this equation with the vibration 
equation of classical physics 


4b +h =0, (A-4.50) 


in which k= a/c = 2z/d (A is the wave length) denotes the wave number. 
However, this similiarity is purely superficial and formal because of the 
different physical meaning of the functions occurring in Eqs. (A-4.49) and 
(A-4,50). 

In the Schrodinger equation, the function ¢ itself has no direct physical 
meaning, only the function ||’. This can be explained statistically in the 
following manner: The expression |¢j’dxdydz denotes the probability of 
finding the particle considered within the volume element dxdydz at the 
point x, y, z. 

In this connection, the normalization of the eigenfunctions to one, which 
we repeatedly impose for the purpose of mathematical simplicity, now has 
a basic significance. The normalization condition 


\\\witaeas pa (A-4.51) 


means that the particle can be found at a certain point of space and that, 
therefore, the probability of a particle being found anywhere in space is 
equal to one (a certain event). 


2. The harmonic oscillator. The Schrédinger equation for the harmonic 
oscillator reads 
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it ag 
Qu ax? 





+(E—U)\p=0. 


Here U = (1m/2)x and w) is the eigenfrequency of the (cyclic) oscillator. Our 
problem, therefore, is to determine the stationary states. Thus we have to 
determine the spectrum of the eigenvalues of the energy & and the correspond- 
ing eigenfunctions ¢ from the equation 


2 
gl 4 (z 2 ee ale eG (A-4,52) 
with the auxiliary condition 
i lpi? dx=1. (A-4.53) 
With the relations 
gate 
hug 
XS 2 (A-4.54) 
0 
eo 
Ky: 


we then obtain for the function ¢ = ¢(é), after a few simple transformations, 
the equation 


2 
g gn 2 =0 = 
det ee Se (A-4.55) 
with the auxiliary normalization condition 
\: ig des. (A-4.56) 
aise Xp 


On the basis of the observation made at the end of Section A-4.1, the functions 


bal) =< ta Ha) 
- V xX V2 a 
represent the solutions of these problems. They correspond to the eigenvalue 
An = 2n+1. 


In the original coordinates, we have 


= 1 eo UP A/0)7 TF O35) 
n(x) = VW Xo V ont ie , (A-4.57) 
Ey = huo(n + >) Gre) 1, 2, 0). (A~4,58) 


In classical mechanics, the energy of the oscillator 


pr few 
E= 4523? 
ort i 2 
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(p, denotes the momentum) can assume a continuous set of values. From 
the standpoint of quantum mechanics, on the other hand, as formula (A-4.58) 
shows, the oscillator can have only a discrete set of energy values F,. The 
number #2 which gives the number of quantum levels is called the principal 
quantum number. In the lowest quantum state for 7 —0, the energy of the 
oscillator remains different from zero; in fact, it is equal to 


1 
Ey = phe . 


3. The eigenvalue problem of rotators. In the following discussion, we 
shall investigate the eigenvalues of the energy of a rotator about a spatially 
fixed axis, that is, particles which rotate at one and the same distance about 
a fixed center. 

The potential energy U of the rotators for all positions of the particles 
has a fixed value and can be set equal to zero, U = 0. 

In a polar coordinate system (7, 0, ¢) whose origin lies at the fixed center, 
the Schrodinger equation for the rotator 


2s 
Ay + SPE = 0 


can be written in the form 


aaz (sin oH) Oe eo 26 (A-4.59) 
r’ sind a0 r’sin’ Od ae? oh? , 
Here the condition 

a = 0 

or 


is used. 
If, in place of the mass , the moment of inertia 


eo 


is introduced, we obtain 


1 6/4. ,0¢ 1 ao. i, 
(sino) + se St WP =9 








sind a0 ad sin’ d d¢ 
or 
to.g+ p=, (A-4.60) 
where 
ies ao (A-4.61) 
Thus we arrive at the eigenvalue problem for the equation 
Ao. +4 = 0. (A-4.60) 
In addition, it is required that the eigenfunctions for 9=0 and = be 


bounded and the normalization condition 
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xn aan 
| | ‘b{? sin 0 d0 dy =1 (A-4,62) 
070 


be satisfied. As we know, the normalized spherical functions 


— f(t+ id —m)! yim _ {2 for m=0 : 
Ha ey (Seay Pie)» (s {; for m+ 3) 4» GES) 


Yi", @) = Pi" (cos 8) ae OS GeO Deco c)) 
sinmg¢ , 


are the solutions of this problem. They correspond to the eigenvalue 
=/1¢041). (A-4.64) 


If we replace 4 according to Eq. (A-4.61), then for the energy value of the 
rotators we obtain 


he 
nm rena | -4.65 
E, Ld + DF (A ) 


4. Motion of electrons in a Coulomb field. One of the simplest problems 
of atomic theory is the problem of the motion of electrons in the Coulomb 
field of a nucleus. This problem has extensive practical significance since 
its solution leads not only to the theory of the spectrum of hydrogen, but 
also to an approximate theory of the spectra of atoms with one valence 
electron (hydrogenlike atoms). Thus, for example, the problem pertains to 
the sodium atom. 

In the hydrogen atom we have a single electron in the Coulomb field of 
the nucleus (the protons), so that the potential energy U(x, y, z) is equal to 


ee : (A-4.66) 
r 
where yr is the distance of the electrons from the nucleus, —e is the charge 
of the electron, and +e the charge of the nucleus. 
The Schrodinger equation reads 


Ab + f(z a “\y= 0. (A-4.67) 


Our problem is to determine those energy values E for which Eq. (A-4.67) 
admits solutions that are continuous in the entire space and that satisfy the 
normalization condition 


I) [ieee At aeaae= 1 (A-4.68) 


First we introduce a spatial polar coordinate system whose origin is in 
the nucleus. The nucleus itself we regard as being at rest. In this system, 
the Schrédinger equation assumes the form 


A a (r 2 we) 4 = + E(B nS <)p= 0. (A-4.69) 
0 or h? 
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For the solution, we make the Ansatz 
7, 9,9) = xVi"'O, 9) . (A-4,70) 
As is known, the spherical functions Y;"'(, ~) satisfy the differential equation 
4ooVi™' Oo) +10 + DY" Gg) =0, 


and we obtain 





d’y 2 dy Ly a ld +1) 
apa Se Fe el reine A-4.71 
bee ed Gees. r° iF 
Henceforth, the quantity 
hi? 





a= = 0.529.107? cm 
pe? 


will be used as the unit of length and the quantity 


4 2 





neteat 
as the unit of energy. Furthermore, we set 
pat, ee ee <0). (A-4,72) 
Then we can also write 
S44 2H + (42 - WED), —o (A-4.73) 


for Eq. (A-4.71).. With the help of the substitution 








gs Wr? (A-4.74) 
we bring Eq. (A-4.73) to the form 
Bega eet By-o wan 
where 
=2!+1 
If we now introduce 
x= pV —8e (A-4.76) 


as the independent variable, then in place of Eq. (A-4.75) we obtain the 


equation 
2 
xy’ ty — ea + n) +iy=0 (A-4.77) 
or 


2 
a (+2) = (+ +4 =? By 50), (A-4.77’) 
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where 


1 
,=—S=—. A-4.78 
Van oma 
This has already been investigated in Section A-4.2 (see Eq. (A-2.48)). 
Its eigenvalues were found to be 





s+1 
A= Tr ’ 
Np + 5 





whereas the eigenfunctions can be expressed in terms of the generalized 
Tschebyscheff-Laguerre polynomials Q7,"’: 


Vallee! “AOR a), (A-4.79) 
The polynomials Q*'" are defined by formula (A-4.43). 


Since 
s=2]4+1, 
we find 
A=u,-t+l+l=n, OH). 280 Se (A-4.80) 


The integer » is called the principal quantum number, while n, is called the 
radial and / the azimuthal quantum number (secondary quantum number). 

If we replace 2 according to Eqs. (A-4.78) and (A-4.72), we obtain the 
energy values 


4 
| ee ee A-4,81 
2hn® \ 
Thus these depend only on the principal quantum number ». 
Now we set FE equal to the energy of a quantum hw =/y, E= — hy. 
Here vy = w/2zx denotes the frequency. Then 
pes R 


was 2nn’h i nv’ noe) 





where R = (pe*)/(2h°h) is the so-called Rydberg constant. 

We shall now examine the frequencies of the spectral lines. The observed 
frequency of a spectral line corresponds to the transition of a state with 
energy E, to a state with energy E,,. 

The frequency »,,, of a quantum which is emitted by such a transition 
is equal to 


1 1 
van, = R(=e S ) : (A-4.83) 
nO 
If we set 2, = 1 and let » successively take the values 7 = 2,3,..., then we 
obtain a series of lines which together form the so-called Lyman series 
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For the values 2, = 2, 2 = 3,4, ..., we obtain the Balmer series 
1 1 
Yin oo ie —=z), 
fe (Fe *) 
and for #2, = 3, 2=4,5,..., the Paschen series 


1 1 
vans = Rae — =). 


We turn now to the determination of the eigenfunctions of the hydrogen 
atom. According to formula (A-4.70), it is sufficient to determine the radial 
functions 7(0). 

By applying formulas (A-4.79), (A-4.76), (A-4.74), (A~4.78), and (A-4.80), 


we can write 
= 20 p/n) *(2b+1 2p 
Xnl(P) = A,( =) e n—l-1 (*) . (A-4.84) 


Here A, denotes the normalization factors to be determined, which can 
be calculated from the condition 


Wao dp=1. (A-4.85) 
Q 


From the calculation of A,, we obtain for the normalized radial functions 


the expression 
tail) = 2(7) eneln aise (22, (A-4.86) 
n n 


From formula (A-4.70) and functions (A-4.63), the normalized eigenfunctions 
then have the form 


Gnas = [FEDER OD Vio, Santo) 
where the ya(o) are to be taken according to expression (A-4.86). 

The number ni = 0, +1, +2,..., +/) is called the magnetic quantum 
number. 

Since 2, is nonnegative (7, =0,1,2,...), the quantum number / cannot 
be larger than 2 —1 (2 =0,1,2,...,2 — 1) for a prescribed principal quantum 
number 7 because 

n=nmtl+til. 
Therefore, for a fixed value of the principal quantum number 2, / can assume 
the 2 values /=0,1,...,2—1. However, here each value of / corresponds 
exactly to the 2/ +1 value of m. It also follows that to a given energy value 
E,, that is, to a given value , belong 


"S OF StS as hae Op yea 
t=0 


distinct eigenfunctions. The multiplicity of the degeneracy of each energy 
level is thus equal to n’. 
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The discrete spectrum of the negative eigenvalues of the energy F, 
consists of infinitely many numbers whose limit point is the number zero. 

The problem considered above for the Schrédinger equation can be dis- 
tinguished further by the existence of a continuous spectrum of positive 
eigenvalues [each positive number F is an eigenvalue of Eq. (A-4.6)]. In this 
case, the electron is not bound to the nucleus, nevertheless it exists in a field 
(ionized hydrogen atoms). For the proof of the existence of this complicated 
spectrum, we refer the reader to the special literature.’ 


t Editors note: G. Hellwig, Differential Operators of Mathematical Physics, 
Springer-Verlag, Berlin, (1964); R. Courant and D. Hilbert, Methods of Mathematical 
Physics, Vol. I. Interscience, 1953. 
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